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PREFACE 


This  is  the  report  issued  following  a  two-phase  study  under  Contract 
DOT-FH-11-8269,  which  deals  with  "Pavement  and  Geometric  Design  Criteria  for 
Minimizing  Highway  Hydroplaning". 

The  report  presents  criteria  developed  by  a  seven-man  team  for  pavement 
surface  texture  and  cross  slope  and  suggestions  for  modifications  in  pavement 
geometries  to  minimize  hydroplaning. 

The  recommendations  presented  can  be  adapted  to  suit  the  road  situations 
of  the  various  states  taking  into  account  terrain,  traffic,  weather  and  avail 
able  materials. 
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INTRODUCTION 

Hydroplaning  is  an  event  that  has  been  widely  misunderstood.   In 
relation  to  its  importance  to  highway  safety,  published  opinions  vary 
widely.  One  extreme  is  that  hydroplaning  has  no  significant  influence 
on  accidents  due  to  relatively  low  traffic  speeds.  The  other  extreme 
is  that  hydroplaning  has  a  great  influence  on  wet-weather  accidents. 
The  truth  must  be  that  both  of  these  opinions  are  correct  at  different 
specific  highway  sites.  In  the  general  case,  the  truth  must  lie  some- 
where between  these  extremes.  Hydroplaning  will  be  shown  to  be  a  fairly 
low  probability  event,  primarily  due  to  the  fact  the  high  intensity  rain- 
falls necessary  to  flood  a  pavement  are  low  probability  events.  The 
nature  of  the  event,  however,  is  so  hazardous  when  it  does  occur,  that 
criteria  for  surface  design  to  reduce  the  probability  of  hydroplaning 
are  warranted. 

Some  of  the  earliest  investigations  and  technical  reports  on  hydro- 
planing came  from  NACA  and  its  successor  NASA  and  were  primarily  concerned 
with  hydroplaning  of  aircraft  during  landings.  In  this  connection,  the 
U.  S.  Army  Air  Corps  and  its  successor  U.  S.  Air  Force  also  did  valuable 
work.  Later  the  Road  Research  Laboratory  in  Great  Britain  began  investi- 
gations related  to  automobiles.  Concurrent  with  this  research,  the 
Americans  and  Germans  studied  tires  and  road  surfaces  to  seek  their  own 
answers.  Most  recently,  the  Highway  Research  Board,  now  the  Transportation 
Research  Board,  the  National  Cooperative  Highway  Research  Program  and  the 
FHWA  have  encouraged  and  are  financing  studies  related  to  tire-pavement 
interaction  and  hydroplaning,  studies  that  are  bringing  the  "state  of  the 
art"  to  a  most  respectable  level. 

The  following  subjects  cover  the  main  areas  where  good  information 
has  been  found  or  developed. 

1.  The  definition  of  full  dynamic  hydroplaning  conditions. 

2.  The  definition  of  changes  in  available  friction  as  full  hydro- 
planing is  approached  as  a  function  of  a  variety  of  textural 
conditions,  both  random  and  patterned. 

3.  The  definition  of  road  surface  geometry  and  how  it  affects  the 
accumulation  of  water  under  various  environmental  conditions. 
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4.  The  interrelationship  of  different  methods  of  measuring  hydro- 
planing. 

5.  The  performance  of  open-graded  friction  courses  during  rainfall 
conditions, 

6.  The  probability  of  different  conditions  relating  to  hydroplaning 
such  as  tire  condition  and  rainfall  intensity. 

7.  The  influence  of  various  pavement  cross  slopes  on  driver  workload 
and  performance,  as  indicated  by  vehicle  accelerations  and  fric- 
tion demand  levels. 

8.  Determination  of  the  drainage  properties  of  sag  vertical  curves 
and  innovative  drainage  concepts  for  these  geometric  situations. 

In  Chapter  VIII  of  this  document  indications  of  the  range  and  frequency 
of  important  factors  such  as  tread  depth,  tire  pressure,  surface  texture, 
cross  slope  and  rainfall  intensity  are  used  to  develop  design  criteria. 
Curves  are  developed,  based  on  a  capability  to  predict  water  depth  from 
given  geometric  and  environmental  conditions,  which  can  be  used  to  determine 
appropriate  combinations  of  pavement  cross  slope  and  texture  depth  during 
periods  of  specified  rainfall  intensity.  "Design"  rainfall  intensities  are 
discussed  on  page  248. 

The  implementation  of  criteria  and  recommendations  for  surface  texture 
and  pavement  cross  slope  to  minimize  hydroplaning  has  the  potential  for  a 
significant  impact  on  the  high  wet-weather  accident  toll.  The  information 
contained  in  this  report  justifies  this  action.  Further,  it  is  hoped  that 
the  means  used  to  accomplish  this  reduction  may  be  extended  to  other  nations 
that  are  now  experiencing  similar  problems. 


CHAPTER  I 
THE  PHENOMENON  OF  HYDROPLANING 

Hydroplaning  is  the  separation  of  the  tire  from  the  road  surface  by 
a  layer  of  fluid.  On  a  microscopic  scale  all  operational  conditions  may 
involve  some  degree  of  partial  hydroplaning  as  long  as  there  is  any  sig- 
nificant amount  of  water  present.  On  a  macroscopic  scale,  however,  this 
zone  can  be  defined  as  occurring  during  those  operational  conditions  when 
there  is  some  significant  degree  of  penetration  of  a  water  wedge  between 
the  tire  and  pavement  contact  area. 

Hydroplaning  of  pneumatic-tired  vehicles  has  been  divided  into  three 
categories  by  Home  (1).  These  categories  are 

1.  viscous  hydroplaning, 

2.  dynamic  hydroplaning  and 

3.  tire  tread  rubber  reversion  hydroplaning. 

Viscous  and  dynamic  hydroplaning  are  the  important  types  of  hydro- 
planing insofar  as  passenger  cars  are  concerned  as  tire-tread-reversion 
hydroplaning  occurs  only  when  heavy  vehicles  such  as  trucks  or  airplanes 
lock  their  wheels  when  moving  at  high  speeds  on  wet  pavements  with  macro 
but  little  microtexture.  Viscous  hydroplaning  may  occur  at  any  speed  and 
with  extremely  thin  films  of  water.  Browne  [2)   states  that  viscous 
hydroplaning  occurs  only  on  surfaces  where  there  is  little  microtexture. 
A  thin  film  of  water  remains  between  the  tire  and  pavement  since  there  is 
insufficient  pavement  microtexture  to  promote  the  breakdown  of  the  water 
film. 

A  variety  of  equations  has  been  developed  to  predict  the  speed  at  which 
hydroplaning  will  occur.  These  equations  are  summarized  in  Table  1.  The 
first  equation  is  of  value  primarily  as  a  definition  of  the  phenomenon  of 
viscous  hydroplaning  rather  than  as  a  prediction  of  viscous  hydroplaning 
speeds.  Equations  2  through  5  all  predict  the  dynamic  hydroplaning  minimum 
speed.  Equations  2,  3  and  5  have  limitations,  primarily  because  they  were 
derived  independently  of  the  surface  texture  characterization.  Equation  4 
does  consider  one  aspect  of  pavement  texture  through  the  factor  K] ,  but  K] 
must  be  determined  empirically  if  the  equation  is  expected  to  be  accurate. 
Equation  4  must  be  used  in  conjunction  with  Figure  1  in  order  to  estimate 
hydroplaning  speed.  The  procedure  is  to  determine  the  unit  groove  capacity 
(UGC),  then  determine  the  proper  position  on  the  chart  for  either  of  the  two 
stated  combinations  of  cross  slope  and  drainage-path  length  by  selecting  a 
specific  rainfall  intensity.  It  should  be  noted  that  this  predictive  method 
is  not  comprehensive  in  terms  of  combinations  of  cross  slope,  pavement  tex- 
ture and  drainage-path  length,  but  is  limited  to  the  two  combinations  tested. 
Another  aspect  of  the  wet-weather  safety  problem  which  has  a  definite  inter- 
action with  the  speed  most  drivers  are  content  to  drive  is  that  of  visibility. 
Yeager  (3_)  also  includes  an  estimate  of  this  characteristic  for  different 
intensities  of  rainfall  in  Figure  1. 

One  of  the  most  significant  studies  of  the  influence  of  tread  design 
on  hydroplaning  speed  was  conducted  by  Gengenbach  (4).  In  this  study  he 
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compared  seven  conventional  bias-ply  tires  with  a  variety  of  tread  patterns 
designed  and  cut  into  the  tire  so  that  the  total  volume  of  grooves  was  con- 
stant (groove-area  ratio  was  20  percent). 

One  conclusion  not  drawn  by  Gengenbach  seems  appropriate  here.  While 
for  bald  tires  hydroplaning  was  observed  at  water  depths  as  low  as  0.01  in 
(0.3  mm)  for  treaded  tires,  no  hydroplaning  data  have  been  found  in  the 
report  for  water  depths  less  than  0.08  in  (2  mm).  Evidently,  for  the  low 
values  of  texture  between  0.005  and  0.008  in  (0.13  and  0.20  mm),  treaded 
tires  did  not  hydroplane  at  water  depths  less  than  0.08  in  (2  mm).  It  is 
noted  that  there  was  space  for  almost  all  the  water  in  the  contact  patch 
within  the  grooves.  It  should  be  understood  that  Gengenbach 's  tests  were 
conducted  in  a  drum  facility  where  very   small  water  depths  could  be  con- 
trolled with  extreme  precision.  On  highway  surfaces  dynamic  hydroplaning 
by  tires  with  minimal  (< 2/32  in)  (<1.6  mm)  tread  depths  was  not  achieved 
whenever  the  average  water  depth  was  less  than  0.06  in  (1.5  mm). 

In  addition  to  the  findings  of  research  efforts  already  cited,  the 
authors  are  fortunate  in  that  several  research  projects  relating  either 
directly  or  indirectly  to  hydroplaning  have  been  recently  completed.  These 
projects  proved  to  be  useful  in  the  development  of  a  quantitative  definition 
of  partial  hydroplaning  conditions. 

The  study  directly  related  to  hydroplaning,  HPR-147  [7_)f  is  an  extensive 
empirical  study  of  tires,  pavements  and  water  depths  which  compare  closely 
to  real  highway  conditions.  The  water  depths  are  all  over  0.1  in  (2.5  mm) 
and  therefore  extend  the  information  available  to  the  larger  water  depth 
conditions.  These  tests  show  a  range  of  full  dynamic  hydroplaning  speeds 
from  45  to  77  mph  (72  to  124  km/h). 

In  developing  the  body  of  data  in  HPR-147  the  indication  of  hydro- 
planing which  was  used  was  the  spindown  of  a  test  wheel  when  moved  in  a 
freely  rolling  condition  over  a  section  of  pavement  covered  by  a  significant 
layer  of  water.  Spindown  is  usually  given  in  percent  as  dictated  by  the 
following  equation: 

SD  =  -5 w  (100)  Eq  (6) 


where 


>  .  =  rotational  velocity  of  the  rolling  wheel  when  on  a 
dry  surface 


w 


=  rotational  velocity  of  the  wheel  after  spinning  down 
due  to  contact  with  a  flooded  pavement. 


Figure  2  will  be  used  to  illustrate  the  forces  acting  on  the  tire  in 
two  extreme  conditions:  (a)  freely  rolling  on  a  dry  surface  and  (b)  the 
condition  of  100  percent  spindown  when  the  tire  is  sliding  over  a  water 
surface  with  little,  if  any,  direct  contact  between  tire  and  pavement  sur- 
face. At  100  percent  spindown,  the  rotational  velocity  of  the  tire  is 
equal  to  zero. 
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In  the  freely  rolling  condition  with  the  rotational  velocity  a  constant, 
K,  a  summation  of  moments  about  the  center  of  the  wheel  is  given  by 

Ta  +  Tb  +  Tc  =  Fr 

when  the  vertical  component,  W,  of  the  resultant  force,  R,  is  assumed  to 
pass  through  the  moment  center,  0,  or  to  pass  so  close  to  it  that  the  torque 
induced  by  W  is  negligible.  Thus,  in  order  for  the  tire  to  rotate  at  the 
constant  value  of  w,  without  significant  contact  zone  slip,  only  enough 
friction  needs  to  be  developed  to  overcome  the  retarding  effects  of  rolling 
resistance,  which  includes  bearing  friction  and  air  drag.  Thus,  the  value 
of  F  is  small  with  respect  to  W.  Up  to  60  mph  (97  km/h)  the  rolling  resis- 
tance is  generally  less  than  2  percent  of  W  (8_) . 

In  the  100  percent  spindown  condition,  a  condition  considered  to  be  in- 
dicative of  full  dynamic  hydroplaning,  the  resultant  force,  R,  changes  to 
some  degree  in  magnitude;  but  the  major  change  is  in  its  line  of  action. 
These  changes  are  caused  by  1)  the  destruction  of  friction  between  tire  and 
pavement  surface,  2)  the  development  of  pressure  on  the  tire  in  the  region 
of  contact  with  the  water  wedge  and  3)  the  development  of  a  hydrodynamic 
drag  force  on  the  tire-water  interface. 

The  resultant  force,  R1,  can  still  be  resolved  into  two  components, 
the  vertical,  W,  equal  to  the  weight  supported  by  the  wheel  and  the  hori- 
zontal force,  D  +  F'.  Hydrodynamic  drag,  D,  is  due  to  the  inertia  of  the 
water  over  and  through  which  the  tire  is  sliding.  F1  is  some  small  remaining 
value  of  tire-pavement  friction.  Now  the  moment  summation  gives 

W'b  =  (D  +  F')r. 

Thus,  the  change  in  line  of  action  of  R'  produces  a  counterclockwise  torque 
due  to  W  which  counteracts  the  torque  due  to  D.  Stated  another  way  the  line 
of  action  of  R1  moves  to  a  position  which  includes  the  moment  center,  0, 
resulting  in  negligible  net  torque  on  the  wheel. 

In  interpreting  the  meaning  of  hydroplaning  data  developed  under  HPR- 
147,  it  was  concluded  that  significant  control  forces  between  the  tire  and 
the  pavement  did  not  exist  at  high  values  of  wheel  spindown,  i.e.,  over  50 
percent.  Further,  the  difference  in  vehicle  velocity  between  100  percent 
spindown  and  50  percent  spindown  when  expressed  in  mph  (test  vehicle  speed) 
was  so  small  that  10  percent  spindown  was  chosen  as  the  indicator  of  hydro- 
planing. Further  testing  during  this  study  indicated  that  almost  full 
dynamic  hydroplaning  was  present  with  as  little  as  10  percent  spindown.  In 
order  to  make  maximum  use  of  the  test  data,  it  was  necessary  to  develop  a 
general  equation  that  would  allow  the  vehicle  speed  to  be  predicted  as  a 
function  of  SD  and  of  the  variables  denoting  test  conditions.  The  para- 
meters were  as  follows: 

1.  V,  vehicle  speed  in  mph  ((km/h)/l  .609) 

2.  TD,  tread  depth  in  32nds  of  an  inch  (mm  x  32/25.4) 

3.  TXD,  texture  depth  in  inches  (mm/25.4),  silicone  putty  method 

4.  WD,  water  depth  (above  the  asperities  in  inches  (mm/25.4)) 
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5.  P,  tire  pressure  in  psi  (6.895  kPa) 

6.  SD,  spindown  percent. 

Based  on  data  from  approximately  1,300  tests  and  the  curves  of  SD  vs  V 
which  fit  these  data  for  specific  test  conditions,  1,038  points  were  selected 
at  SD  values  of  10,  30  and  60  percent.  The  equation  which  produced  the  best 
fit  to  these  data  is  as  follows: 

v=SD0.04p0.3  (TD+1)0.06A  Eq^  (?) 


where  A  is  the  greater  of 
10.409 


WD0'06 


+  3.507    and 


28.952  .  7_8U 


WD0'06 


TXD0-14 


In  this  case  the  greater  value  of  A  would  always  be  used. 

Figure  3  shows  how  the  data  are  fit  by  Equation  7.  Approximately  99  per- 
cent of  the  observations  lie  within  plus  or  minus  5  mph  (8  km/h)  of  the  pre- 
dicted value.  The  value  of  the  calculated  correlation  coefficient  is  0.85. 

To  illustrate  the  influence  of  the  different  parameters  on  the  relation- 
ship between  vehicle  velocity  and  spindown,  Figures  4a  through  4d  were  plotted 
using  Equation  7.  Shown  progressively  are  the  influences  of  water  depth 
(Figure  4a),  tread  depth  (Figure  4b),  tire  pressure  (Figure  4c)  and  texture 
depth  (Figure  4d) . 

Limited  direct  evaluation  of  Equation  7  is  provided  by  tests  of  two 
vehicles  on  flooded  surfaces.  Table  2  shows  a  comparison  of  hydroplaning 
speeds  predicted  by  Equation  7,  the  column  labeled  "Computed  Speed",  with 
speeds  at  which  it  was  observed  that  the  vehicle  was  subject  to  negligible 
control  forces,  "Observed  Speeds".  The  correspondence  of  these  predicted  and 
observed  hydroplaning  speeds  is  excellent  considering  the  variations  associa- 
ted with  full-scale  vehicle  tests,  but  is  limited  in  the  range  of  variables 
included.  It  was  further  noted  that  the  deterioration  of  control  forces 
occurred  rather  gradually  over  a  range  of  about  20  mph  (32  km/h),  shown  in 
Figure  5a,  as  full  hydroplaning  conditions  were  approached.  What  makes  hydro- 
planing seem  an  abrupt  occurrence  is  that  on  a  straight  tangent  very   little 
friction  is  required  to  maintain  direction,  usually  less  than  0.1. 
However,  the  final  deterioration  of  friction  from  0.1  to  0  takes  place  in  a 
range  of  only  1  or  2  mph  (2  or  3  km/h)  or  can  take  place  due  to  only  a  slight 
increase  in  water  depth,  or  decrease  in  texture. 

To  depict  the  likely  range  in  hydroplaning  speed  which  may  occur  in  the 
traffic  mix  along  a  highway,  consider  the  following  relatively  extreme  cases: 

Vehicle  1  Vehicle  2 

WD  =  0.1  in  (2.5  mm)  WD  =  0.1  in  (2.5  mm) 

TD  =  9/32  in  (7.14  mm^  TD  =  0  in 

TXD  =  0.15  in  (3.81  mm)  TXD  =  0.01  in  (0.25  mm) 

P  =  36  psi  (250  kPa^  P  =  18  psi  (125  kPa) 
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Metric  Conversion: 
1  mph  =  1.609  km/h 


Observed  Speed  (mph) 


Figure     3,     Data  scatter  for  hydroplaning  equation 
(data  points  at  10,  30  and  60%    spfnduwn) 


65 


11 


Metric  Conversion: 


1    in  =  25.4  mm,   1   mph 
1   psi   =  6.895  kPa 


=  1.609  km/h, 
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Figure  4.  Influence  of  four  parameters  on  hydroplaning  speed 
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Figure  5a.  Deterioration  of  available  friction  with  speed 
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Figure  5b.  Possible  range  of  hydroplaning  speeds 

13 


60 


As  shown  in  Figure  5b,  Vehicle  1  may  travel  up  to  28  mph  (45  km/h)  faster 
than  Vehicle  2  without  risking  hydroplaning.  One  of  the  major  problems  in 
speed  zoning  lies  in  this  wide  variation  of  vehicle  speed.  If  the  zone  is 
set  for  the  worst  case,  drivers  of  better  equipped  vehicles  recognize  it  as 
too  slow  for  them,  assume  it  is  too  slow  for  everyone,  and  thus  lose  respect 
for  speed  zones. 

Now  that  an  equation  has  been  developed  to  predict  the  velocity  for  any 
degree  of  spindown  for  any  situation  where  the  other  parameters  may  be  speci- 
fied, the  point  has  been  reached  whereby  a  relationship  between  skid  number 
and  spindown  may  be  developed.  If,  for  example,  the  following  equations  were 
available  for  skid  number  at  any  velocity  and  velocity  as  a  function  of  spin- 
down 

SN  =  f,(V,  TXD,  TD,  WD,  P)  Eq  (8) 

and  ' 

V  =  f2(SD,  TXD,  TD,  WD,  P),  Eq  (9) 

it  would  be  possible  to  substitute  SD  into  Equation  9  giving  V,  then  substi- 
tuting V  from  Equation  9  into  Equation  8,  to  predict  SN.  In  this  way  a  series 
of  coincident  values  of  SN  and  SD  could  be  determined  which  could  be  used  to 
ascertain  the  relationship  between  the  tv/o  factors.  Stated  another  way,  the 
relationship  for  hydroplaning  speed  would  be 

SN  =  f-jCf^SD,  TXD,  TD,  WD,  P),TXD,  TD,  WD,  P].  Eq  (10) 

Gallaway  (9)  has  provided  such  an  equation  for  random  textured  pavements. 


SN 


154 


V 


0.77 


TD0"05  + 


4.71  TXD 


0.09 


(25.4  WD  +  2.5) 


0.09 


Eq  (11) 


This  equation  can  be  combined  with  Equation  7  by  eliminating  V  to  give  SN  as 
a  function  of  spindown  (SD)  and  the  other  pertinent  variables,  i.e., 


SN  = 


154 


TD0.05  + 


4.71  TXD 


0.09 


(25.4  WD  +  2.5) 


0.09 


[SD0-04p0-30(TD+l)°-06A]0-77 


Eq  (12) 


where  A  has  been  defined. 

It  is  apparent  that  similar  relationships  can  be  developed  from  any  of 
the  SN  equations  given  in  Chapter   IV.   However,  comparison  of  actual 
test  values  of  SN  might  better  illustrate  the  points  that  are  pertinent  to 
the  current  work. 


^Equation  developed  from  ASTM  14"  tire  @  24  psi  (165  kPa).  (Intermediate- 
to-high  random  texture  range,  0.020  to  0.150  in  (0.508  to  3.81  mm).) 
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It  might  be  assumed  that  at  100  percent  spindown,  values  of  SN  would 
be  the  same  on  every   pavement,  that  is,  equal  to  that  value  of  SN  produced 
by  hydrodynamic  drag.  However,  both  the  data  and  the  equations  indicate 
this  is  not  the  case.  For  conditions  which  indicate  100  percent  spindown  by 
Equation  12,  a  rather  wide  range  of  SN  values  is  indicated  by  tests. 

The  best  fit  lines  of  SN  vs  speed  were  used  to  calculate  the  correspon- 
dence of  spindown  at  2,  50  and  100  percent  and  SN.  This  resulted  in  the 
plot  of  SN  vs  SD  shown  in  Figure  6  .  Because  of  the  heavy  dependence  on 
pavement  texture,  it  can  be  concluded  that  full  dynamic  hydroplaning  was 
not  occurring  when  SN  values  were  observed*  even  though  the  conditions  re- 
ported would  indicate  that  hydroplaning  should  occur.  At  first  glance  this 
would  seem  to  represent  a  serious  inconsistency  between  the  SN  and  SD 
studies.  However,  the  problem  is  not  inconsistency  in  the  data  taken  under 
the  two  studies  but  in  significant  differences  in  the  test  conditions  predom- 
inating when  the  two  data  groups  were  developed.  The  main  difference  is 
found  in  the  water  depth.  Spindown  was  observed  in  the  presence  of  consis- 
tently positive  water  depths.  Skid  number  values  were  observed  in  the  pres- 
ence of  significantly  lower  average  water  depths  which  varied  significantly 
about  that  average,  the  case  more  like  actual  highway  conditions. 

Figure  7  illustrates  this  variation  with  examples  of  water  depth  ob- 
servations at  10  different  points  under  the  rainmaker  during  the  SN  determi- 
nations. Note  the  values  of  zero  and  negative  water  depths  when  in  all 
examples  the  average  water  depth  is  positive.  In  this  case  periodic  con- 
tact with  the  surface  due  to  negative  water  depths  on  the  significantly  tex- 
tured surfaces  would  drive  the  average  value  of  SN  up,  as  each  SN  value  was 
determined  over  approximately  100  ft  (30  m)  of  pavement  length.  Further, 
since  even  the  higher  water  depths  observed  are  rather  low  (less  that  0.03 
in  (0.8  mm)),  there  may  not  be  sufficient  time  for  the  tire  to  hydroplane  be- 
tween negative  water  depth  areas.  One  obvious  point  is  that  it  is  less  like- 
ly that  full  hydroplaning  will  occur  on  a  nonuniform  surface  where  water 
depth  varies  significantly.  Thus,  construction  variations  in  the  plane  of 
the  pavement  surface  may  be  working  to  prevent  full  hydroplaning. 

In  an  effort  to  interpret  the  control  forces  available  for  vehicle 
maneuvers  it  would  be  valuable  to  estimate  what  part  of  the  SN  is  due 
to  friction  between  tire  and  pavement  and  what  part  is  due  to  hydrodynamic 
drag  as  the  tire  moves  across  and  through  the  water.  An  estimate  of  this 
hydrodynamic  drag  component  may  be  developed  by  observing  the  skid  numbers 
recorded  at  conditions  which  should  obviously  produce  full  hydroplaning. 

Figure  8  shows  average  values  of  SN  observed  at  60  mph  (97  km/h)  for 
a  number  of  different  pavements.  Again  the  relatively  high  SN  is  seen  on 
the  more  highly  textured  pavements,  indicating  hydroplaning  did  not  occur. 
On  the  low  textured  surfaces  a  lower  boundary  of  about  7  SN  is  noticed.  It 
seems  probable  that  full  hydroplaning  was  occurring  at  this  time,  thus  the 
hydrodynamic  drag,  D,  accounted  for  approximately  7  SN. 


*Except  perhaps  in  the  case  of  surfaces  2  and  9  where  very   low  and 
convergent  values  of  SN  were  observed. 
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Another  estimate  of  hydrodynamic  drag  is  available  from  Gengenbach  {A)   as 
shown  in  Figure  9.  At  0.08  in  (2  mm)  of  water  an  apparent  plateau  is  reached 
for  hydrodynamic  drag  corresponding  to  about  22  Ibf  (98  N).  Gengenbach  states 

"...The  depth  of  immersion  of  the  hydroplaning  tire  adjusts  itself 
according  to  the  velocity  and  water  depth  in  such  a  way  that  the 
resistance  of  the  water  against  displacement  remains  nearly  constant." 

If  this  force  is  interpreted  in  terms  of  force  per  unit  tire  width  and  applied 
to  the  tires  studied  in  the  skid  number  and  spindown  experiments,  it  appears 
that  hydrodynamic  drag  would  amount  to  about  three  skid  numbers.  However,  it 
is  unclear  from  Gengenbach' s  presentation  whether  this  is  for  a  smooth  or 
treaded  tire. 

Studies  of  both  horizontal  force  at  the  tire  pavement  interface  and 
torque  on  the  test  wheel  are  presented  in  detail  in  Chapter  III.  During  full 
hydroplaning  the  hydrodynamic  drag  factor  in  fairly  deep  water  (approximately 
3/8  in  (9.5  mm))  ranges  from  5  to  8  skid  numbers  for  a  variety  of  tire  tread 
conditions.  The  conclusion  is  that  a  significant  part  of  a  skid  number  ob- 
served when  water  depths  are  positive  is  not  available  for  vehicle  control. 
Only  the  difference  between  the  observed  value  and  that  part  due  to  hydro- 
dynamic  drag  is  available  for  vehicle  control. 

Observations  concerning  the  effect  of  transverse  and  longitudinal  texture 
patterns  were  made  in  the  Phase  I  report  (9).  Several  previous  studies  had 
shown  that  skid  numbers  were  higher  for  transverse  textures  than  for  longi- 
tudinal textures.  Although  reasons  for  this  were  presented  in  detail  it  did 
not  necessarily  follow  that  transverse  textures  were  better  for  vehicle  con- 
trol in  highway  curves.  Beaton  or  Farnsworth  (1_0)  had  shown  a  great  reduction 
in  accident  rates  where  longitudinal  grooves  were  provided  in  the  highway.  It 
was  obvious  that  the  longitudinal  grooving  was  quite  effective  in  reducing 
accidents  but  what  was  not  shown  was  that  it  was  more  effective  than  transverse 
grooving.  In  an  effort  to  gain  a  better  understanding  of  relative  control 
forces  available  due  to  longitudinal  vs  transverse  grooves,  cornering  slip 
numbers  were  determined  on  both  orientations.  These  tests  are  presented  in 
Chapter  IV.  As  might  be  expected,  the  transverse  texture  gave  slightly  higher 
cornering  slip  numbers  (available  friction  for  cornering)  than  the  longitudinal 
texture.  Perhaps  the  reasons  are  the  same  as  the  reasons  presented  in  the 
Phase  I  report  for  higher  skid  numbers  on  transverse  textures:  i.e.,  1)  trans- 
verse textures,  running  in  the  direction  of  the  cross  slope,  provide  channels 
for  better  drainage  of  the  pavement  as  a  whole;  2)  transverse  pavement  textures 
are  more  effective  in  draining  the  tire-pavement  contact  patch,  just  as  cross 
grooves  in  the  tire  are  more  effective  than  circumferential  grooves;  and 
3)  transverse  textures  resist  the  forward  motion  of  water  necessary  to  produce 
the  water  wedge  required  for  hydroplaning. 

It  should  also  be  recognized  that  longitudinal  grooving  or  texturing 
offers  directional  guidance  to  vehicles  traversing  curves  when  the  cornering 
attack  angles  of  tires  are  very  small.  It  may  be  this  difference  in  the 
attack  angles,  less  than  2  degrees  for  most  vehicles  on  highway  curves  com- 
pared to  about  12  degrees  for  the  cornering  slip  angles  used  in  the  tests 
reported  here,  that  produces  the  difficulty  in  interpreting  the  test  data. 
This  difficulty  may  only  be  resolved  when  comprehensive  accident  studies  are 
made  in  which  the  major  variable  is  longitudinal  vs  transverse  grooving  and 
texturing. 
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Figure  9.       Resistance  due  to  the  displacement  of  water  as  a 
function  of  velocity  for  different  water  depths 
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CHAPTER  II 
DETERMINING  THE  PROBABILITY  OF  SELECTED  RAINFALL  INTENSITIES 


General 

The  development  of  design  criteria  that  will  preclude  hydroplaning 
under  most  wet-weather  conditions  necessitates  an  understanding  of  those 
factors  related  to  hydroplaning,  the  interdependence  of  those  factors  and 
the  occurrence  probability  of  certain  critical  combinations  of  those  fac- 
tors. This  probability  is,  in  turn,  a  function  of  the  probability  of  the 
existence  of  each  individual  factor.  .  The  purpose  of  this  section  is  to 
develop  guidelines  that  will  determine  the  incident  chance  of  influential 
environmental  factors. 

It  has  been  shown  by  Gall  away  (]_lj ,  Yeager  (3_)  and  Home  {]2j   that  the 
amount  of  water  on  the  pavement  (or  water  depth)  is  primarily  a  function  of 
the  rainfall  intensity  and  wind  velocity,  neglecting  transient  conditions. 
It  has  also  been  shown  that  a  significant  positive  water  depth  (above  the 
asperities)  is  necessary  before  hydroplaning  can  occur.  Therefore,  the  se- 
lection of  highway  surface  characteristics  that  would  disallow  positive  water 
depths  in  all  but  the  more  extreme  conditions  of  heavy  rainfall  would  prevent 
most  cases  of  hydroplaning.  "Most"  must  be  defined  in  probabilistic  terms 
for  particular  rainfall  intensities  that  occur  in  conjunction  with  specific 
wind  velocities;  but  is  wind  velocity  really  needed  to  develop  anti hydroplan- 
ing criteria?  Home  (J2.)  has  shown  that  as  long  as  the  water  depth  is  not 
above  the  asperity  tops  there  seems  to  be  little  wind  effect  on  the  flow  path 
and  speed  of  draining  water.  Therefore,  if  a  criterion  of  zero  water  depth 
is  preselected,  the  influence  of  wind  becomes  largely  academic,  although  it 
is  difficult  to  ignore  some  influence  even  on  intra-asperity  flow  if  the 
direction  of  the  falling  raindrops  is  not  nearly  vertical.  The  neglect  of 
wind  speed  and  direction  seems  sound  when  their  effect  on  surface  flow  is  so 
slight,  although  it  may  be  argued  that  wind  could  make  the  difference  in  some 
cases  between  a  water  depth  of  height  coincident  with  the  tops  of  the  pave- 
ment asperities  and  water  depths  that  are  ^ery   slightly  higher  than  the  asper- 
ities. The  critical  environmental  factor,  and  possibly  the  only  important 
one,  is  the  intensity  of  rainfall.  The  remainder  of  this  chapter  will  be 
dedicated  to  defining  the  probability  of  specific  intensities. 

It  would  be  of  little  value  to  determine  the  average  relationship  be- 
tween rainfall  intensity  and  its  probability  for  the  U.S.  as  a  whole  as  rain- 
fall is  so  highly  variable  over  this  vast  continent;  a  comparison  between 
Yuma,  Arizona,  and  New  Orleans,  Louisana  shows  great  contrast.  The  other 
extreme  would  be  to  determine  this  relationship  for  every  part  of  the  pro- 
posed roadway  with  anti hydroplaning  surface  characteristics  changing  from 
milepost  to  milepost,  an  extreme  that  is  obviously  not  justified  even  if  such 
extensive  rainfall  data  were  available. 

The  National  Climatic  Center  in  Asheville,  North  Carolina,  the  focal 
point  for  all  climatic  data  developed  by  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA),  has  extensive  data  from  over  300  weather  stations 
throughout  the  country.  In  general,  the  number  of  weather  stations  is  a 
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function  of  the  geographic  size  of  the  state,  although  there  are  some  excep- 
tions. In  many  of  the  larger  states  wide  intrastate  variations  in  rainfall 
may  indicate  the  need  for  several  zones  of  rainfall  intensity/probability; 
whereas, in  many  states  a  single  statewide  relationship  may  be  quite  suffi- 
cient. 

The  States  of  Alabama  and  Illinois  were  selected  for  the  purposes  of 
this  study  for  several  reasons.  Extensive  current  and  historical  climatic 
data  were  available  from  a  number  of  stations  in  each  of  these  states.  The 
State  of  Illinois  was  seen  to  be  representative  of  the  average  moderate  con- 
ditions across  the  continental  United  States.  Alabama  was  chosen  for  study 
because  the  state  is  located  in  an  area  which  experiences  hurricanes  and 
rainfall  of  very  high  intensity  and  was  considered  to  be  one  of  the  most 
critical  states  with  respect  to  the  need  for  road  surface  design  criteria  to 
prevent  flooding.  Rainfall  data  from  Texas  stations  in  Austin  and  Fort  Worth 
had  been  acquired  on  a  previous  study  and  published  (1_3_).  The  reduced  data 
have  been  included  later  in  this  report  for  purposes  of  comparison.  Isohy- 
etal  maps  of  Alabama,  Illinois  and  Texas  are  shown  in  Figures  10,  11,  and  12. 

The  outline  shown  in  Table  3  gives  the  sequence  of  operations  used  to 
arrive  at  an  appropriate  relationship  between  rainfall  intensity  and  the 
probability  of  the  event  for  a  specific  state  or  geographic  area.  The  para- 
graphs which  follow  detail  the  procedures  used  to  derive  the  desired  rela- 
tionship for  the  State  of  Illinois. 

Table  3.  Sequence  of  Operations 

I.  Determination  of  Rainfall  Data  for  a  State 

II.  Selection  of  Representative  Stations 

III.  Selection  of  Representative  Years 

IV.  Confirmation  of  Availability  and  Acquisition  of  Detailed 
Rainfall  Data 

V.  Analysis  of  Detailed  Rainfall  Data 

Determination  of  Rainfall  Characteristics 

A  listing  from  the  U.S.  Department  of  Commerce  showed  seven  recording 
stations  in  Illinois.  Figure  11  shows  the  variation  in  annual  rainfall 
across  the  state  is  relatively  small,  leading  to  the  conclusion  that  the 
state  need  not  be  subdivided  into  different  regions  for  purposes  of  rainfall 
analysis. 

A  definite  criterion  for  acceptable  variation  is  given  in  Figure  13. 
This  curve  of  acceptable  percentage  and  absolute  variation  was  developed  from 
an  understanding  of  different  regional  extremes  in  Texas.  Study  of  the  iso- 
hyetal  map  of  Texas,  Figure  12,  indicated  that  the  state  should  be  divided 
into  at  least  four  zones  to  prevent  the  necessity  of  large  data  extrapola- 
tions. The  variations  of  these  four  zones  were  plotted  on  Figure  13.  The 
line  of  definition  between  acceptable  and  unacceptable  variations  was  then 
placed  to  include  these  points  in  the  acceptable  zone.  These  points  are 
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Figure  10.  Isolines  of  mean  annual  precipitation  (U.S. 
Dept.  of  Commerce,  Environmental  Sciences 
Services  Administration,  Environmental  Data 
Services,  Climatography  of  the  U.  S.  No. 
60-11,  Climates  of  the  States) 
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Figure  13.  Tentative  criterion  for  acceptable 
variation  in  annual  precipitation 
(The  major  variation  in  Illinois  is 
from  34  to  46  inches.  The  difference 
is  12  inches,  which  is  absolute  variation 
The  ratio  of  12  to  34,  times  100  is  the 
percentage  variation  of  35.) 
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defined  by  determining  from  the  isohyetal  map  the  absolute  variation  in 
annual  rainfall  in  a  region  and  the  percentage  variation  in  annual  rainfall 
in  the  same  region,  as  can  be  seen  in  Figure  12.  The  variation  in  the  entire 
State  of  Illinois  does  not  represent  as  critical  a  variation  as  is  seen  in 
each  of  the  four  subdivisions  of  Texas. 

Selection  of  Representative  Stations 

Once  the  operating  weather  stations  have  been  shown  on  isohyetal  maps 
it  is  possible  to  select  the  most  representative  stations  for  more  detailed 
data  analysis.  Such  geographic  characteristics  as  mountain  ranges,  valleys 
or  relatively  large  differences  in  elevations  should  be  considered  in  se- 
lecting typical  stations.  The  stations  at  Rockford,  Springfield  and  Cairo 
were  selected  from  the  isohyetal  map  in  Figure  11  to  represent  the  high  and 
low  rainfall  conditions  that  are  geographically  representative  of  the  state. 
A  similar  process  was  used  in  selecting  the  Alabama  stations  of  Birmingham, 
Mobile  and  Montgomery. 

Selection  of  Representative  Years  for  Rainfall  Analysis 

When  specific  weather  stations  were  selected,  a  request  was  made  to  the 
Department  of  Commerce  for  complete  rainfall  records  for  years  representative 
of  the  area  conditions.  These  data  were  then  reduced  and  extrapolated  to 
predict  rainfall  characteristics  during  years  of  extreme  precipitation.  The 
method  useful  in  selecting  appropriate  years  for  analysis  involve  the  develop- 
ment of  a  frequency  vs.  annual  rainfall  plot  as  shown  in  Figure  14,  based  on 
data  such  as  presented  in  Table  4.  The  data  in  Table  4  show  an  annual 
rainfall  varying  from  27.3  to  47.0  in  (69.3  to  119  cm).   It  has  been  divided 
in  eleven  2  in  (5.1  cm)  segments.  The  annual  rainfall  occurring  most  fre- 
quently, the  mode,  was  between  34  and  36  in  (86.4  to  91.4  cm)  and  occurred 
in  five  different  years.  In  some  cases  as  shown  in  Figure  14,  the  most 
frequently  occurring  division  (34  to  36)  will  not  necessarily  include  the 
mean.   In  order  to  determine  this,  the  mean  annual  rainfall  should  be  calcu- 
lated. This  computation  for  the  data  being  considered  yields  a  mean  of 
37.6  in  (95.5  cm).   It  can  be  determined  from  Table  4  that  the  years  having 
annual  rainfalls  in  this  range  are  1948,  1958,  1959  and  1966.  If  one  assumes 
that  the  population  from  which  the  sample  was  taken  is  a  relatively  normal 
distribution  and  that  the  mean  and  standard  error,  SE»  of  the  sample 
approximate  the  mean  and  standard  deviation  of  the  population,  then  95  percent 
of  the  data  can  be  expected  to  fall  within  ±2  standard  errors  of  the 
mean.  The  standard  error  calculated  according  to  Equation  13,  is  5.0  in 
(12.7  cm)  so  that  the  95  percent  confidence  interval  is  37.6  in  ±2(5.0  in)  = 
27.6  in  to  47.6  in  (95.5  cm  -  (2)  12.7  cm  =  70.1  to  120.9  cm). 


SE=V  i=1  J*  i  Xi)  47-^  =  5-0  in  d27  mm)    Eq  (13) 

where     x  =  the  mean  value  of  n  observations 

x-j  =  individual  observations  of  yearly  annual  rainfall 
n  =  number  of  yearly  annual  rainfalls  available. 
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Table- 4.  Average  yearly  rainfall  for  Illinois, 

1942  through  1972 

- 

Year  State  Average  Rainfall            ^Average  of  Selected 

(in)  Station's  Rainfall  ( i n ) 

i 

1942  40.1  40.5 

1943  34.2  31.0 

1944  32.7  34.0 

1 945  47 . 0  47 . 4 

1946  39  4  40  6 

1947  38.4  35.9 

1948  37.1  34.7 

1949  43.2  42.3 

1950  38.7  47^2 

1951  44.3  49.4 

1 nro  OO      O  OQ  7 

lg53  27'3  Average  =  37.6             2g'8  Average  =  39.4 

1954  35.2  36^9 

1955  35.9  34.4 

1956  29.5  32.9 

1957  45  4  49  2 

1958  36>  32> 

1959  37.2  43.0 

1960  34.5  41.6 

1961  44.1  46.3 

1962  33.0  37.1 

1963  28.5  29.8 

1964  32.8  38.0 

1965  >j  41.3  45.9 

1966  36.6  38.3 

1967  42.0  42.4 

1968  38.0  39.9 

1969  42.7  40.0 

1970  41.6  42.3 

1971  34.5  32.2 

1972  41.8  49.1 


*These  stations  are  Cairo,  Springfield  and  Rockford,  Illinois 
Metric  Conversion:  1  inch  =  25.4  mm 
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A  95  percent  confidence  interval  can  be  determined  for  statewide  data  as 
shown  in  Figure  14,  or  for  the  selected  stations  (Figure  15)  or  finally  for 
each  selected  station's  data  (Figure  16).  The  latter  situations  are  illus- 
trated by  Figure  16  where  the  differences  can  be  noted.  The  means  vary  from 
34.4  to  47.9  in  (87.4  to  121.7  cm). 

In  this  case  it  was  decided  to  use  the  mean  from  each  station.  It  is 
obvious  that  from  both  Rockford  and  Cairo  there  was  no  year  that  had  an  annual 
rainfall  that  fell  into  the  immediate  range  of  the  mean.  In  order  to  choose 
the  specific  years  for  analysis,  selection  rules  were  formulated  that  appear 
to  give  reasonable  results. 

1.  Select  three  years  whose  annual  rainfall  occurs  within  the 
95  percent  confidence  interval  giving  precedence  to  those 
years  within  the  same  frequency  interval  as  the  mean. 

2.  If  data  are  not  available  for  one  or  more  years  in  that  range 

a.  Select,  in  the  case  of  two  needed  stations,  one  year  with 
annual  rainfall  above  and  one  below  the  "mean"  range, 

so  that  when  the  annual  rainfall  for  the  three  stations 
is  averaged,  it  approximates  the  mean. 

b.  Select,  in  the  case  where  one  year  is  needed,  the  value 
closest  to  the  mean,  in  either  direction. 

c.  Select,  in  the  case  where  three  are  needed,  two  above  and 
one  below.  This  would  be  a  slightly  more  conservative 
value  than  selecting  one  above  and  two  below. 

3.  If  more  than  the  needed  number  of  years  are  available,  select  the 
most  recent  years. 

Table  5  lists  the  years  for  each  of  the  Illinois  stations  as  they  fell 
into  each  range  for  the  period  used  (1942-1972).  The  years  selected  were 
1966,  1968  and  1970  for  Rockford;  1955,  1959  and  1969  for  Springfield;  and 
1965,  1968  and  1970  for  Cairo.  In  some  cases  these  years  selections  do  not 
rigidly  adhere  to  the  rules  for  selection  listed.  This  was  due  to  considera- 
tion of  the  quality  and/or  availability  of  data  in  some  years. 

Analysis  of  Detailed  Rainfall  Records 

The  determination  of  periods  of  time  during  which  specific  intensities 
of  rainfall  occurred  was  then  undertaken.  Figure  17  is  representative  of  the 
recordings  supplied  by  NOAA.  To  determine  the  periods  of  time  associated 
with  specific  intensities  of  rainfall,  it  was  necessary  to  divide  each  rain- 
fall period  or  shower  into  a  number  of  short  period  elements.  The  number  of 
elements  was  selected  so  that  the  average  slope  of  the  curve  as  shown  in 
Figure  17  could  be  approximated  by  a  straight  line  over  each  time  segment 
interval.  These  segments  are  designated  by  "division  numbers"  in  the  figure. 
By  determining  the  average  slope  of  the  curve,  the  slope  of  the  straight  line 
approximation  of  the  curve  over  each  segment,  the  average  intensity  of  rain- 
fall during  that  period  was  calculated.  As  an  example,  consider  Division 
No.  2  in  Figure  17*  It  is  observed  that  the  curve  rises  one  division 
(0.01  in  or  0.25  mm  of  rain)  during  an  elapsed  time  of  4.8  divisions  (72 
minutes).  Therefore,  the  rainfall  intensity  is  the  ratio  of  these  two 
numbers  (the  slope  of  the  curve),  i.e., 
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Table  5.  The  average  rainfall  of  selected  stations 
as  grouped  by  rainfall   ranges 

Rainfall   Range  Station  Years 

(in/y)  Rockford  Springfield  Cairo 

22.0-23.9  1953 

24.0-25.9  1946,' 58 

26.0-27.9  1956, '62, '71  1954, '71 

28.0-29.9  1943, '44, '48, '53, '55  1963  1963 

30.0-31.9  1949, '63  1948, '52, ' 56, ' 58, '62,       1943 

'64, '66, '68 

32,0-33.9  1947, '57, '66  1943, '50, '72  1953 

34.0-35.9  1944, '47, '55, '59, '69 

36.0-37.9  1945, '52  1949, '61, '67  1942 

38.0-39.9  1950, '64, '67, '68, '70  1951 , '60, ' 65, '70  1944, '47 

40.0-41.9  1942, '54, '61  1957  1955, '56, '60, '71 

42.0-43.9  1969  1942, '46  1954, ' 58, '64, '69 

44.0-45.9  1960  1945  1948, '59 

46.0-47.9  1959 

48.0-49.9  1965  1952, '65, '68, ' 70 

50.0-51.9  1966,' 67 

52.0-53.9  1946, '62 

54.0-55.9  1972 

56.0-57.9 

58.0-59.9  1949, '51, '72 

60.0-61.9  1945,  '61 

62.0-63.9 

64.0-65.9 

66.0-67.9 

68.0-69.9  1950 

70.0-71.9  1957 

72.0-73.9  Metric  Conversion:     1   inch  =  25.4  mm 
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I  =  ^min*1  =  0.00014  in/min  (0*0035  mm/min) 

°r      l   =  iPmTn   x  60  min/h  =  °-0083  in/h  (°-21  """/h)- 

This  computation  was  performed  for  every  division  resulting  in  the  data 
presented  in  Table  6. 

Judgment  was  exercised  when  selecting  segment  lengths  in  order  to  repre- 
sent the  curve  with  reasonable  accuracy.  When  curve  segments  were  nearly 
linear,  time  segments  over  one  hour  were  occasionally  used,  as  shown  for 
Division  No.  3  of  Table  6.  When  rapid  changes  in  curvature  occurred,  smaller 
divisions  were  used. 

Once  all  rainfalls  had  been  analyzed  during  the  three  years  for  the  three 
data  stations  (i.e.,  9-data  station-years)*,  the  resulting  data  were  placed  in 
intensity  brackets  as  shown  in  Table  7.  With  the  foreknowledge  that  a  great 
majority  of  rainfalls  lie  in  the  range  of  intensities  less  than  1  in/h  (25.4 
mm/h),  the  brackets  were  selected  to  carefully  subdivide  this  range  in  steps 
of  0.1  in/h  (2.54  mm/h)  to  0.5  in/h  (12.7  mm/h),  in  steps  of  0.25  in/h  (6.35 
mm/h)  to  1.0  in/h  (25.4  mm/h)  and  then  in  steps  of  1.0  in/h  (25.4  mm/h)  up  to 
6  in/h  (152.4  mm/h). 

Rainfalls  of  less  than  0.01  in/h  (0.25  mm/h)  were  considered  trace  rain- 
falls and  ignored  when  tabulating  the  Illinois  data.  However,  trace  durations 
were  included  in  the  reduction  of  the  Alabama  data  in  order  to  estimate  the 
possible  significance  of  this  factor.  The  time  in  each  of  the  intensity 
brackets  was  tabulated  as  shown  for  the  Alabama  data  in  Table  8  for  the  9-data 
station-years  analyzed.  The  average  for  the  9-data  station-years  in  each  of 
the  brackets  was  calculated  and  presented  in  the  third  column  of  Table  8.  The 
fourth  column  is  a  cumulative  total  of  the  rainfall  at  intensities  equal  to  or 
greater  than  the  lower  limit  of  the  corresponding  intensity  bracket.  (The 
durations  in  each  bracket  were  totaled  from  the  most  intensive  to  the  least.) 
This  cumulative  total  at  each  bracket  limit,  when  divided  by  the  total  yearly 
time  of  rainfall,  is  the  probability  that  a  given  rainfall  period  will  be  of 
the  corresponding  intensity  or  greater.  The  cumulative  total  can  also  be 
expressed  as  a  percentage  of  the  calendar  year  by  using  the  conversion  factor 
of  one  year  equal  to  525,600  minutes. 

Determining  the  Probability  of  Specific  Rainfall  Intensities 

The  values  used  to  construct  Figure  18  are  the  probabilities  that  the  in- 
tensity at  any  given  time  during  a  rainfall  will  be  of  certain  intensity  or 
greater.  These  figures  were  based  on  the  assumption  that  trace  rainfalls  (I 
is  less  than  0.01  in/h  (0.25  mm/h))  would  be  considered  negligible.  Precedent 
for  this  assumption  exists.  Farnsworth  (1_0)  has  concluded  previously  that 
trace  rainfalls  are  not  sufficient  to  "wet"  the  pavement  surface.  Trace  rain- 
falls accompanied  with  high  humidity  for  long  periods  of  time  may  be  exceptions. 
The  influence  of  trace  durations  can  be  clearly  seen  in  Figure  19  where  the 
probabilities  from  the  Alabama  data  using  both  assumptions  are  compared 
graphically.  It  can  be  seen  that  the  addition  of  trace  durations  lowers  the 
probability  curve;  so,  assuming  the  trace  durations  to  be  negligible 


*Several  thousand  individual  rainfalls 
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Table     6.      Data   from  Figure  17 


Division 

Number 

1 
2 
3 
4 
5 
6 
7 
8 


Time 

Intensi 

ty 

ncrement,  T 
Minutes 

Rainfall ,  R 
Inches 

_3 
in/mi n  x  10 

T/R 

in/h 

38 

0.01 

0.26 

0.02 

72 

0.01 

0.14 

0.01 

130 

0.01 

0.08 

0.01 

20 

0.03 

1.50 

0.09 

15 

0.07 

4.67 

0.28 

12 

0.21 

17.5 

1.05 

3 

0.01 

3.33 

0.20 

6 

0.01 

1.67 

0.10 

Metric  Conversion:  1  inch  =  25.4  mm 
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causes  a  rainfall  intensity  at  a  given  probability  to  be  slightly  over- 
estimated. A  roadway  surface  designed  using  such  an  assumption  will  merely 
result  in  the  inclusion  of  a  small  additional  safety  factor.  This  may  be 
appropriate  since  the  available  friction  of  a  surface  is  certainly  reduced 
during  trace  rainfalls,  though  hydroplaning  is  not  a  problem. 

Returning  to  Figure  18,  the  probability  curves  of  Illinois  and  Alabama 
appear  similar,  but  this  graph  may  be  somewhat  misleading,  since  it  is  a 
normalized  curve  which  does  not  account  for  the  total  amount  of  rainfall  or 
for  the  total  amount  of  exposure  time.  Figure  18  contrasts  two  states  which 
are  quite  different  in  terms  of  annual  rainfall.  The  nine  station-years 
analyzed  for  Alabama  average  57.3  in/y  (145.5  cm/y),  one  of  the  highest 
rainfall  areas  on  a  statewide  basis  in  the  U.S.,  and  one  where  tropical 
storms,  and  their  associated  high  intensities,  play  an  important  part  in  the 
rainfall  environment.  In  contrast  Illinois  has  an  annual  rainfall  of 
slightly  less  than  40  in  (101.6  cm)  with  a  fairly  low  variation  across  the 
state,  thus  more  closely  representing  the  national  average. 

It  is  seen  that  the  curves  cross  at  the  0.20  in/h  (5  mm/h)  intensity 
level.  For  any  intensity  greater  than  0.20  in/h  (5  mm/h)  the  probability  of 
its  occurrence  is  higher  in  Alabama  than  in  Illinois,  perhaps  a  somewhat  less 
than  startling  conclusion  to  Mobile  residents.  The  converse  is  also  true. 
The  probability  is  higher  that  intensities  less  than  0.20  in/h  (5  mm/h) 
will  occur  during  a  given  rainfall  period  in  Illinois  than  in  Alabama. 

Figure  20  places  these  probability  levels  in  a  different  perspective. 
Here  the  ordinate  is  the  percentage  of  total  time  (both  dry  and  wet)  that  a 
rainfall  of  a  given  intensity  or  greater  is  falling.  The  curves  are  posi- 
tioned, with  Texas  included,  in  the  order  of  their  average  annual  rainfalls. 
Table  9  gives  the  data  from  which  these  curves  are  plotted.  Of  some  impor- 
tance is  the  fact  that  all  three  states  are  subjected  to  rainfall  intensities 
of  0.5  in/h  (12.7  mm/h)  or  more  for  approximately  1/4  of  1  percent  of  the 
time.  This  is  approximately  24  hours  per  year.  Intensities  greater  than 
1  in/h  (25.4  mm/h)  occur  more  on  the  order  of  10  hours  per  year. 

Table  10  summarizes  the  exposure  percentages  for  four  regions  of  the 
country,  varying  from  the  extremely  arid  climate  of  the  southern  Arizona 
desert  to  the  subtropical  conditions  of  Alabama.  It  should  be  noted  that  the 
detailed  data  used  to  arrive  at  the  Illinois  and  Alabama  exposure  times  were 
not  used  for  Central  Texas  (13),  and  that  the  southern  Arizona  desert  data 
point  of  approximately  1  percent  exposure  was  adjusted  up  by  a  1  hour  drying 
time  for  most  rainfall  events.  The  exposure  time  for  the  Arizona  desert 
directly  comparable  to  the  Illinois  and  Alabama  data  would  be  less  than  the 
1  percent  presented  by  Burns  (14).  These  data  are  plotted  in  Figure  21  . 
Although  four  data  points  must  not  be  considered  definitive,  they  do  appear 
to  follow  the  same  trend,  a  curve  with  decreasing  positive  slope,  as  do  the 
data  shown  in  Figure  22.  Figure  22  is  a  plot  of  the  percentage  of  wet- 
weather  accidents  in  19  states  versus  the  annual  state  rainfall.  The  simi- 
larity in  curvature  may  be  significant. 

It  is  demonstrated  that  analysis  of  N0AA  rainfall  data  can  yield  both 
the  total  exposure  time  and  the  occurrence  probability  of  any  specific  inten- 
sity level.  Although  these  two  factors  are  highly  pertinent  to  the  deter- 
mination of  whether  a  specific  pavement  surface  will  be  flooded,  they  do  not 
constitute  enough  information  to  specify  the  exact  probability  of  flooding. 
To  do  this  it  would  be  necessary  to  determine  the  short-term  (a  matter  of 
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minutes)  intraevent  history  probability  of  rainfall  intensities.  As  an  illus- 
tration, consider  the  fact  that  an  intensity  of  1/2  in/h  (12.7  mm/h)  will 
flood  a  given  pavement  if  it  lasts  for  6  minutes;  but  it  will  not  flood  the 
pavement  if  the  intensity  lasts  for  only  2  minutes  or  even  5  minutes.   In  con- 
trast if  the  1/2  in/h  (12.7  mm/h)  intensity  lasts  for  only  1  minute  it  may 
flood  the  pavement  if  the  intensities  leading  up  to  the  1/2  in/h  (12.7  mm/h) 
level  have  gradually  varied  from  trace  up  to  0.49  in/h  (12.4  mm/h)  over  a 
period  of  15  minutes.  It  should  be  recognized  that  the  determination  of 
precise  probability  levels  for  intraevent  short-term  intensity  histories  is 
complex,  a  degree  of  sophistication  not  attempted  in  this  study.  As  an  indi- 
cator of  the  likely  duration  of  a  specific  intensity,  Figure  23  was  prepared. 
It  is  a  frequency  diagram  of  rainfall  intensities  between  0.41  and  0.61  in/h 
(10.4  and  15.5  mm/h).  This  bracket  may  be  considered  nominally  0.5  in/h  (12.7 
mm/h).  The  information  was  taken  from  the  years  1967  and  1974  in  Montgomery, 
Alabama.  These  years  were  selected  because  the  data  were  recorded  on  paper 
with  time  definition  lines  of  2  minutes  compared  to  other  data  recorded  on 
paper  having  time  definitions  of  only  5  minutes  or  in  some  cases  15  minutes. 
The  figure  shows  the  average  frequency  of  selected  durations  for  the  two 
station-years.  The  1/2  in/h  (12.7  mm/h)  rainfall  event  occurred  36  times  for 
periods  equal  to  or  less  than  2  minutes.   It  occurred  only  one  time  for  a 
period  between  30  minutes  and  1  hour. 

The  average  duration  of  the  1/2  in/h  (12.7  mm/h)  rainfall  event  is  about 
4  minutes,  a  duration  that  would  not  flood*  most  pavements  having  cross  slopes 
of  2  percent  and  a  texture  of  at  least  0.04  in  (1  mm).  The  question  is  still 
unanswered,  however,  concerning  the  intraevent,  or  transient  history. 

The  resulting  position  is  that  an  assumption  must  be  made  regarding  this 
intraevent  history  or  its  effect  must  be  ignored.  Ignoring  this  history 
could  lead  to  nonconservative  conclusions  that  specific  intensities  of  fairly 
short  duration  would  not  cause  pavement  flooding,  when  in  fact  the  opposite 
might  generally  be  true. 

A  conservative  assumption  would  likely  be  a  much  better  choice  to  use  in 
setting  design  criteria  to  eliminate  pavement  flooding.  Consider  the  result 
of  assuming  that  the  steady-state  water  depth  condition  would  be  reached  for 
a  given  rainfall  intensity  no  matter  what  the  duration  of  that  intensity. 
This  might  result  in  some  exposure  time  at  that  intensity  when  the  steady- 
state  water  depth  actually  would  not  be  reached  but  for  which  time  it  would 
be  assumed  to  occur  (see  Figure  '24a).  In  many  cases  even  a  very   short  exposure 
to  the  given  intensity  might  cause  the  steady-state  level  to  be  achieved  due 
to  the  intraevent  history  as  shown  in  Figure  24b.  The  fact  that  some  of  the 
given  intensity  rainfall  periods  will  occur  after  a  higher  intensity  intra- 
event history  reduces  the  conservative  magnitude  of  the  assumption  to  some 
degree.  This  is  illustrated  by  Figure  24c.  In  summary,  it  is  suggested  that 
this  assumption  be  used,  i.e., 

During  all  times  of  actual  exposure  to  a  given  rainfall 
intensity  the  water  depth  is  assumed  to  have  reached  its  steady- 
state  condition. 


*In  this  case  the  term  "flooding"  means  the  development  of  water  depths  that 
completely  immerse  the  pavement  asperities. 
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It  is  now  possible  to  conservatively  estimate  the  probability  of  driving 
in  a  specific  intensity  rainfall   or  greater  and/or  on  the  steady-state  water 
depths  produced  by  that  variety  of  intensity,  i.e., 

Pri    =  VPi)  Eq    (14) 

where    P  •  =  the  resultant  probability  of  driving  in  a  specific 

intensity  rainfall  or  greater  as  designated  by  the 

subscript  i . 
T  =  the  decimal  portion  of  time  that  rainfalls  of 

intensity  greater  than  0.01  in/h  (0.254  mm/h)  are 

falling. 
P.  =  the  probability  of  an  intensity  equal  to  or  greater 

than  i  occurring  during  any  period  of  rainfall. 

A  state  may  determine  Tw  and  P-j  in  the  way  presented  in  this  chapter,  or 
reasonable  estimates  can  be  made  based  on  Figure  21  (to  determine  Tw)  and 
Figure  18  (to  determine  P-j).  The  latter  approach  should  be  used  with  caution, 
especially  in  those  areas  of  the  country  where  rainfall  patterns  are  atypical, 
such  as  in  some  mountainous  regions. 
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CHAPTER  III 

HYDROPLANING  AND  TRACTION  TESTS 
UNDER  CONTROLLED  CONDITIONS 


A  series  of  tests  were  performed  under  relatively  controlled  conditions 
in  the  "hydroplaning  trough".  This  facility  consists  of  a  pair  of  rails  2.5  ft 
(0.76  m)  apart  and  800  ft  (244  m)  long.  The  underlying  surface  has  a  longi- 
tudinal slope  of  about  1  percent,  and  water  can  be  injected  at  the  upper  end 
and  allowed  to  slowly  flow  over  the  surface  contained  by  the  rails.  Various 
flow  rates  permit  the  water  depth  throughout  the  trough  to  be  varied,  and  dif- 
ferent surfaces  can  be  installed  within  the  trough.  The  trough  has  been  used 
for  other  hydroplaning  studies  and  has  been  described  more  fully  by  Stocker, 
et  al .  (1_6_).  Figure  25  shows  the  trough,  and  Figure  26  shows  a  run  being  made 
with  the  offset  test  wheel  in  the  trough. 

The  tests  were  performed  with  the  TTI  research  trailer  which,  in  addition 
to  the  capability  of  measuring  ASTM  E274  locked-wheel  skid  numbers,  can  measure 
test  wheel  rotational  speed  referenced  to  a  fifth  wheel  which  measures  forward 
speed.  Horizontal  force,  vertical  force  and  torque  can  be  measured  with  the 
test  wheel  locked  or  freewheeling. 

Test  Conditions 

The  primary  test  matrix  was  as  follows: 

SURFACES:  Open-graded  hot  mix  and  lightweight  aggregate  slurry  seal. 
TIRES:  ASTM  E501  and  B.  F.  Goodrich  FR  78-14  steel-belted  radial. 
TIRE  PRESSURE:  24  and  18  psi  (165  and  124  kPa). 
TREAD  DEPTHS:  11/32  and  2/32  in  (8.7  and  1.6  mm). 
WATER  DEPTHS:  3/32  and  8/32  in  (2.4  and  6.4  mm). 
NOTE:  All  combinations  of  tire,  tread  depth,  tire  pressure  and 
water  depth  were  used  on  each  surface. 

A  longitudinally  grooved  portland  cement  concrete  (PCC)  surface  was  in  the 
trough  at  the  time  testing  began.  Preliminary  tests  were  conducted  on  this 
surface.  This  was  followed  by  overlaying  a  coarse  open-graded  surface,  and  the 
full  test  matrix  was  performed.  This  surface  was  then  overlaid  with  a  uniform 
lightweight  aggregate  slurry  seal  of  medium  texture,  and  the  tests  were  repeated, 

Locked-wheel  "skid  numbers"  were  determined  both  in  the  external  water 
conditions  and  using  internal  water  (ASTM  E274  procedure)  on  this  dense  medium 
textured  surface. 

As  an  adjunct,  freewheeling  spindown  and  horizontal  drag  forces  were 
measured  while  traversing  "puddles"  of  various  lengths  and  depths. 

Preliminary  Tests  on  Grooved  PCC 

The  TTI  research  skid  measurement  system  was  adjusted  and  calibrated,  and 
an  exploratory  test  program  was  conducted  on  the  existing  surface.  These  tests 
were  run  in  3/8  in  (9.5  mm)  (average)  water  depths  using  an  ASTM  E501  tire  with 
2/32  in  (1.6  mm)  tread  depth  and  24  psi  (165  kPa)  (cold)  inflation  pressure. 
The  runs  were  conducted  in  the  following  three-speed  conditions:  while  accel- 
erating, during  deceleration,  and  at  incremented  constant  speeds.  Both 
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Figure  25.  Hydroplaning  trough 

(Water  is  injected  through  the  slit  in 
the  foreground  and  slowly  flows  down 
between  the  railsj 


■NHMJHfflnHH 


Figure  26.  Test  run  in  the  hydroplaning  trough 

(The  test  wheel  is  offset  to  allow  tow 
vehicle  to  straddle  the  trough,) 
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freewheeling  and  locked-wheel  data  were  obtained  from  the  horizontal  force  and 
torque  transducers.   In  addition,  standard  ASTM  E274  skid  numbers  (and  trac- 
tion forces)  were  obtained  in  the  trough  using  the  internal  watering  system 
and  a  fully  treaded  but  broken-in  ASTM  E501  tire. 

With  external  watering,  there  was  a  smooth,  though  not  necessarily  linear, 
loss  of  traction  with  increased  speed  until  the  tire  lost  contact  with  the 
pavement,  at  which  time  the  horizontal  force  leveled  out  to  that  produced  by 
hydrodynamic  drag  (see  Figure  27).  In  addition,  it  appears  that  horizontal 
force,  Ffl,  for  a  given  speed  is  not  dependent  on  whether  the  vehicle  is  accel- 
erating or  decelerating  through  the  speed,  or  traveling  at  a  constant  speed. 
This  fact  allows  data  points  to  be  obtained  at  several  speeds  during  one  run. 
In  general,  a  speed  change  of  about  10  mph  (16  km/h)  was  used  in  succeeding 
tests.  It  takes  about  15  minutes  between  runs  for  the  water  depth  to  restabi- 
lize,  so  this  technique  results. in  considerable  time  saved.  At  speeds  above 
"full  hydroplaning",  the  horizontal  force  under  these  conditions  is  about  the 
same  (^90  Ibf)  (^400  N)  whether  locked-wheel  or  freewheeling. 

Figure  28  shows  that  the  horizontal  force  measured  on  the  torque  trans- 
ducer, Fj,  exhibits  the  same  trend  but  is  consistently  about  70  lbf  (311  N) 
lower  than  that  measured  on  the  horizontal  force  transducer.  These  transducers 
read  the  same  under  static  (force  plate)  calibration.  A  simple  analysis  of  the 
force  and  torque  mechanisms  indicates  that  the  lower  torque  force  can  be  ex- 
plained by  a  0.8  in  (20.0  mm)  dynamic  forward  shift  at  the  "center  of  effort" 
as  opposed  to  the  force  plate  condition.  The  wedge  of  water  in  front  of  the 
tire  in  the  dynamic  test  condition  could  \/ery  well  cause  this  degree  of  shift. 

It  is  also  interesting  to  note  that  the  resistance  to  movement,  or  drag  on 
the  vehicle  at  the  tire/surface  interface,  both  dry  and  with  internal  watering, 
is  about  20  lbf  (89  N)  while  the  drag  in  3/8  in  (9.5  mm)  of  water  is  about 
90  lbf  (400  N),  a  difference  of  70  lbf  (311  N).   In  addition,  the  freewheeling 
drag  forces  above  are  relatively  speed-independent  except  at  low  speeds  in  the 
external  water  condition  (see  Figures  29  and  30).  Again,  accelerating,  decel- 
erating or  constant  speed  seems  to  make  no  difference  within  the  band  of  preci- 
sion. 

Figure  31  compares  the  locked-wheel  "coefficients"  using  ASTM  E274  proce- 
dure (full  tread  tire  and  internal  watering  producing  a  computed  value  of  water 
depth  of  0.02  in  (0.5  mm))  with  a  similar  procedure  for  a  2/32  in  (1.6  mm)  thin 
tread  and  3/8  in  (9.5  mm)  water  depth.  The  "traction  coefficients"  are  equiva- 
lent at  about  35  mph  (56  km/h). 

Figure  32  indicates  the  percent  spindown  as  a  function  of  vehicle  speed. 
The  spindown  starts  to  occur  at  about  46  mph  (74  km/h),  the  speed  at  which  the 
horizontal  force  becomes  constant  and  equal  to  the  freewheeling  drag  force. 
The  curves  for  accelerating,  decelerating  and  incremented  constant  speeds  can- 
not be  significantly  resolved.  Apparently,  when  spindown  is  detected,  the  tire 
has  lost  contact  with  the  pavement;  and  only  hydrodynamic  forces,  which  seem 
to  be  speed-independent  in  the  test  conditions,  are  present. 

Figure  33  shows  the  time  as  a  function  of  speed  for  the  wheel  to  reach 
zero  spindown  after  unlocking  the  brake.  Obviously  it  takes  a  finite  time  for 
this  to  occur  even  on  dry  pavement.  However,  the  rather  sharp  divergence  of 
spinup  time  near  46  mph  (74  km/h)  indicates  that  this  may  be  a  more  sensitive 
indicator  of  "full  hydroplaning"  speed,  or  the  speed  at  which  essentially  all 
pavement  contact  is  lost,  than  is  spindown. 
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To  illustrate  the  order  of  magnitude  of  the  hazard  potential  due  to  such 
water  and  tread  depth,  simple  computations  of  stopping  distance  were  made 
using  the  internal  and  external  skid  number  curves  of  Figure  31.  It  is  not 
justifiable  to  assume  that  a  vehicle  would  have  corresponding  frictional 
forces  available.  However,  as  a  first  approximation  it  is  instructive. 
Figure  34  is  a  plot  of  the  theoretical  increase  in  stopping  distance  (as  a 
function  of  speed)  that  would  result  with  3/8  in  (9.5  mm)  water  and  2/32  in 
(1.6  mm)  tread  depth  as  opposed  to  0.02  in  (0.5  mm)  pavement  wetting  a  full 
tread  depth  tire.  Above  the  "full  hydroplaning"  point,  the  stopping  distance 
increases  dramatically  with  increased  speed. 

Summary  of  Observations  from  Preliminary  Tests  on  Grooved  PCC 

1.  Under  the  stated  test  conditions,  the  freewheeling  drag  force  is 
approximately  constant  at  90  Ibf  (400  N),  and  is  the  same  as  the 
locked-wheel  horizontal  force  above  the  apparent  "full  hydroplaning" 
speed  of  46  mph  (74  km/h).  If  asymmetrically  distributed,  this 
could  cause  unstabilizing  yaw  forces  on  a  vehicle.  (See  Figure  30.) 

2.  Except  for  hydrodynamic  drag,  the  locked-wheel  horizontal  force  is 
the  same  as  the  internal  water  horizontal  force  at  about  35  mph 
(56  km/h)  and  below,  but  it  decreases  smoothly  to  a  minimum  at 
"loss  of  contact"  where  it  equals  the  freewheeling  drag  at  46  mph 
(74  km/h)  and  above.   (See  Figure  31.) 

3.  Performance  spindown  and  spinup  times  as  functions  of  speed  diverge 
from  the  horizontal  at  about  46  mph  (74  km/h),  but  spinup  time  does 
so  more  dramatically  and  may  be  a  more  sensitive  indicator  of  full 
loss  of  physical  contact. 

4.  In  3/8  in  (9.5  mm)  water,  the  force  from  the  torque  transducer  is 
consistently  about  70  lbf  (311  N)  lower  than  the  force  from  the 
horizontal  force  transducer  when  calibrated  to  read  the  same 
statically  on  the  force  plate.  This  can  be  accounted  for  by  a 
shift  of  the  "center  of  effort"  forward  about  4/5  in  (20  mm)  when 
in  the  3/8  in  (9.5  mm)  deep  water. 

5.  No  significant  difference  was  apparent  in  any  case  if  the  data  were 
taken  at  different  speeds  while  accelerating  or  decelerating,  or  at 
different  speeds  using  discrete  constant-speed  runs.  This  allows  a 
significant  saving  in  number  of  individual  runs  and  time  consumed. 

6.  The  freewheeling  drag  force  is  about  20  lbf  (89  N)  dry  or  with 
internal  water,  about  90  lbf  (400  N)  in  3/8  in  (9.5  mm)  water  and 
about  90  lbf  (400  N)  either  locked  or  freewheeling  above  full 
hydroplaning  speed. 

7.  No  quantitative  estimate  of  the  effect  on  cornering  was  made,  but 
one  can  assume  that  at  full  hydroplaning  the  directional  control 
would  be  inadequate  or  nil. 

Tests  on  Asphalt  Surfaces 

Figures  35  through  42  compare  the  results  on  the  two  surfaces  with  the 
various  combinations  of  tire  inflation  pressure  and  water  depth.  The  ordinate 
is  labeled  "Skid  Number",  but  technically  the  lower  pair  of  curves  are  the 
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results  under  the  stated  conditions  using  the  FR  78-14, steel-belted  radial 
tire  which  is  an  example  of  the  current  real -world  tire  population. 

Again,  we  see  that  with  water  covering  the  asperities,  loss  of  traction 
begins  to  occur  as  low  as  20  mph  (32  km/h).  The  open-graded  surface  has  a 
higher  skid  number  and  in  general  provides  more  traction  under  "partial  hydro- 
planing" conditions.  Usually,  as  would  be  expected,  the  curves  tend  to  con- 
verge at  higher  speeds  where  loss  of  pavement  contact  occurs. 

On  the  slurry-seal  surface,  spindown  is  first  detected  at  the  point  where 
the  "SN"  curve  flattens  out.  The  spindown  on  the  open-graded  mix  was  only 
detected  in  two  cases,  and  then  only  briefly.  This  surface  was  not  as  smooth 
as  the  slurry  seal,  and  the  tire  may  have  been  contacting  enough  high  points 
to  prevent  spindown  in  the  freewheeling  condition  but  not  in  contact  firmly 
enough  to  generate  higher  traction  at  the  higher  speeds. 

It  is  noted  that  on  the  slurry-seal  surface  with  low  water  depth,  full 
tread  and  both  tire  pressures,  there  is  a  "plateau"  in  the  available  friction 
in  the  speed  midrange;  and  then  at  higher  speeds  it  continues  to  drop  (see 
Figures  39  and  40).  The  two  graphs  are  from  data  taken  on  different  days,  and 
the  phenomenon  only  occurred  under  these  specific  conditions  for  both  water 
depths.  Other  combinations  of  conditions  were  used  on  those  days  without  this 
behavior  being  observed.  This  effect  cannot  be  fully  explained  from  the  data 
gathered,  but  it  is  suspected  that  under  these  specific  test  conditions  an 
unusual  hydrodynamic  situation  is  created  at  certain  speeds. 

On  the  slurry-seal  surface  which  usually  produced  a  definite  spindown, 
comparisons  were  made  of  the  speeds  at  which  some  spindown  began  to  appear. 
With  both  water  depths,  the  lowest  speed  at  which  spindown  began  was,  expect- 
edly,  with  low  tire  pressure  and  low  tread  depth;  and  the  highest  initial 
spindown  speed  occurred  with  high  tread  and  high  pressure. 

Although  the  differences  are  not  always  pronounced,  within  the  range  of 
test  conditions  used,  the  speed  at  which  spindown  began  to  occur  decreased  with 
increasing  water  depth;  and  the  largest  decrease  due  to  increasing  water  depth 
occurred  with  the  combination  of  higher  tire  pressure  and  lower  tread  depth. 
Similarly,  the  largest  change  in  "onset"  speed  due  to  changing  tire  pressure 
occurred  with  low  tread  depth  and  low  water  depth.  Finally,  the  largest 
change  due  to  decreasing  tread  depth  occurred  with  the  combination  of  higher 
tire  pressure  and  greater  water  depth. 

Comparing  the  effects  of  changing  tire  pressure  alone  and  water  depth 
alone  showed  no  clear-cut  and  consistent  variation  in  traction.  However,  the 
higher  tire  tread  depth  seemed  to  consistently  improve  traction,  at  least  at 
some  speed,  under  all  conditions. 

Figures  43  through  50  represent  data  using  the  ASTM  E501  tire  only.  Again, 
the  upper  curves  represent  ASTM  E274  skid  numbers  on  the  two  surfaces.  The 
lower  pair  of  curves  compare  results  on  the  two  pavements  using  various  combi- 
nations of  tire  pressure,  tread  depth  and  average  water  depth. 

The  results  using  external  water  were  much  more  consistent  with  the  ASTM 
tire  in  all  combinations  of  conditions.  Usually,  the  open-graded  surface  pro- 
vides significantly  more  traction  at  lower  speeds,  with  the  traction  converging 
at  hydroplaning  speeds.   (Actually,  at  these  speeds  the  "traction"  is  pri- 
marily hydrodynamic  drag.) 
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Figure  45.  Comparison  of  open-graded  and  slurry-seal  surfaces 
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Figure  47.  Comparison  of  open-graded  and  slurry-seal  surfaces 
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Figure  48.  Comparison  of  open-graded  and  slurry-seal  surfaces 
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Figure  49.  Comparison  of  open-graded  and  slurry- seal  surfaces 
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The  effect  of  tire  inflation  pressure  with  other  parameters  constant  is 
not  consistent,  and  only  in  some  cases  does  increased  pressure  significantly 
improve  the  traction  on  one  or  the  other  of  the  surfaces.  The  same  can  be 
said  of  the  effect  of  water  depth  in  the  range  used.  However,  increased 
tread  depth,  for  a  given  inflation  and  water  depth,  causes  a  significant 
improvement  on  both  surfaces  except  at  higher  speeds  where  full  hydroplaning 
occurs. 

Tests  in  Free-Standing  Pools  ("Puddles") 

A  limited  number  of  freewheeling  runs  was  made  on  the  PCC  surface  through 
puddles  of  standing  water  following  a  rain.  The  puddles  ranged  from  30  to 
50  ft  (9  to  15  m)  in  length  and  1/4  to  1-3/4  in  (6  to  44  mm)  in  depth. 
Figures  51  through  53  indicate  the  water  depths  in  the  three  puddles  used 
(note  lane  designations).  Figure  54  is  a  photograph  looking  down  lane  2  in 
the  direction  the  runs  were  made  with  puddle  "A"  in  the  foreground. 

The  test  wheel  was  centered  between  the  two  vehicle  tracks.  The  effect 
of  tow  vehicle  wake  on  the  water  condition  at  the  test  wheel  is  unknown,  so 
these  tests  can  only  be  interpreted  qualitatively  in  regard  to  water  depths. 
Figure  55  shows  the  system  entering  a  puddle  while  Figure  56  indicates  a 
"worst  case"  condition  in  which  the  trailer  is  virtually  obscured  by  spray 
from  the  tow  vehicle  and  that  generated  by  the  trailer  itself. 

The  data  were  not  highly  reproducible  because  of  some  water  loss  or 
redistribution  following  a  run,  and  possibly  because  of  the  short  duration  of 
the  interaction.  Table  11  shows  the  peak  forces  and  percentage  spindowns  with 
speed.  The  tire  used  was  the  FR  78-14  radial,  with  2/32  and  11/32  in  (1.6 
and  8.7  mm)  tread  depths  and  24  psi  (165  kPa)  inflation  pressure. 

Some  spindown  began  between  40  and  45  mph  (64  and  72  km/h)  in  all  cases 
except  puddle  C,  lane  2,  with  11/32  in  (8.7  mm)  tread  depth.  In  this  case 
it  occurs  betweerr  45  and  49  mph  (72  and  79  km/h). 

Peak  longitudinal  drag  forces  were  as  high  as  300  lbf  (1.3  kN)  on  the  test 
wheel.  If  this  force  were  applied  to  one  vehicle  front  wheel  only,  it  could 
have  a  significant  vehicle  destabilizing  effect.  Such  an  event  might  occur 
in  a  situation  in  which  water  collects  along  a  curb  due  to  cross  slope  and/or 
poor  drainage. 

To  obtain  a  rough  estimate  of  the  potential  real-world  effect,  some 
simple  computations  were  made  using  a  hypothetical  vehicle  weighing  about 
3400  lbs  (1544  kg),  with  a  wheel  base  of  112  in  (2.84  m)  and  track  width  of 
60  in  (1.52  m).  A  conventional  American  automobile  of  this  size  would  have  a 
vertical  load  on  each  front  wheel  of  about  1000  lbf  (4448  N).  If  we  neglect 
inertia!  effects  and  compute  the  produced  torque  about  the  center  of  gravity 
(not  necessarily  where  it  should  be  computed),  then  it  would  take  a  corres- 
ponding opposing  torque  to  counteract  it  to  maintain  directional  stability. 

Now,  if  we  assume  that  the  opposite  front  wheel  were  on  pavement  that  is 
only  wetted,  with  no  standing  water,  this  opposing  torque  could  be  applied  by 
developing  a  cornering  slip  angle  by  steering.  Data  for  a  typical  tire  on 
wetted  pavement  indicate  that  a  front  wheel  slip  angle  of  about  2  degrees  would 
be  required.  For  a  typical  steer  ratio  of  about  twenty- to- one,  this  would 
require  a  steering  wheel  correction  of  about  40  degrees.  If  such  a  correction 
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Table  11.  Peak  forces  and  percent  spindown  traversing 
"puddles"  shown  in  Figures  51  through  56 


Puddle 

Lane 

Tread 
Depth(in) 

Speed 
(mph) 

Peak  Force 
(Ibf) 

Spindown 
Peak  % 

A 

2 

2/32 

45 

160 

11 

2 

n 

45 

110 

7 

2 

n 

45 

140 

8 

2 

ii 

40 

110 

0 

2 

11/32 

50 

140 

8 

2 

M 

45 

100 

0 

B 

1 

2/32 

50 

330 

22 

2 

M 

48 

150 

10 

2 

n 

40 

150 

0 

2 

H 

45 

180 

5 

2 

M 

40 

150 

0 

2 

11/32 

50 

150 

6 

2 

ii 

45 

200 

4 

2 

n 

39 

240 

0 

2 

n 

44 

250 

0 

2 

ii 

49 

300 

7 

C 

1 

2/32 

48 

290 

17 

2 

ii 

48 

70 

4 

2 

ii 

40 

160 

0 

2 

ii 

45 

180 

5 

2 

n 

40 

150 

0 

2 

11/32 

49 

70 

5 

2 

n 

45 

140 

0 

1 

ii 

39 

180 

0 

1 

ii 

43 

210 

0 

1 

ii 

49 

290 

5 

Metric  conversion:  1 

1 


in  =  25.4  mm 
Ibf =  4.448  N 
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1  mph  =  1.609  km/h 


Lane  2 


/"     1/2 

12  ft 

/     7/8 
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i 

^5/8 

1-1/8 

/3/8 

7/8 

I            1 

3/4 

3/4 

V     i 

-^ 

1 

5/8 

\l/4 

7/8 

1/2 

1/8 

Lane   1 

Lane 

2 

3/4 

1-1/4 

7/8\ 

1-1/4 

1-3/4 

7/8 

3/4 

1-1/8 

3/4    ) 

1/2^- 

Metric  conversions: 

1  in  =  25.4mm 
1  ft  =  0.305  m 

Figure  51  .  Puddle  "A"  (Water 
depths  in  inches) 


Figure  52.  Puddle  "B"  (Water 
depths  in  inches) 
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Lane  1     Lane  2 


15  ft 

12  ft 

1 

1-1/4 

3/8 

5/8   y 

Metric  Conversions: 
1  in  =  25.4  mm 
1  ft  =  0.305  m 

Figure  53.  Puddle  "C"  (Water  depths  in  inches) 


Figure  54.  "Puddles"  used  in  short-duration  hydroplaning  tests 
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Figure  55.  Tow-vehicle  splash  and  wake 
entering  puddle  "B" 


Figure  56.  Severe  splash  and  spray  (some  self- 
generated)  obscuring  test  trailer 
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were  made,  and  full  pavement  contact  were  suddenly  regained,  it  could  cause  a 
divergence  toward  the  opposing  traffic  lane  before  appropriate  steering 
recorrection  is  possible. 

In  the  case  in  which  both  front  wheels  are  fully  hydroplaning,  but 
unequal  water  depths  exist  laterally,  the  unequal  drag  forces  would  cause  yaw 
instability  with  little  or  no  corrective  steering  capability  available  to  the 
driver. 

Irrespective  of  the  accuracy  or  validity  of  the  example  computation, 
there  is  little  doubt  that  the  kind  of  drag  forces  generated  by  the  positive 
water  depths  distributed  unevenly  could  pose  a  hazard  to  unwary  drivers. 

General  Observations 

The  following  observations  are  based  on  results  of  the  tests  described  in 
this  chapter.  Obviously,  sweeping  generalizations  cannot  be  made  based  on  a 
small  fraction  of  the  possible  real-world  conditions.  However,  valuable 
insights  can  be  obtained,  and  areas  that  seem  to  be  worthy  of  further  consid- 
eration can  be  identified  from  tests  under  controlled  conditions. 

1.  Under  all  test  conditions,  the  open-graded  pavement  provided  as 
much,  and  usually  more,  traction  than  the  asphalt  slurry  seal 
except  at  full  hydroplaning  where  they  are  about  equal.  The 
open-graded  surface  has  the  added  advantage  of  reducing  the 
probability  of  positive  water  depths  in  the  field. 

2.  With  the  externally  applied  water,  the  difference  in  traction  between 
the  two  pavements  was  more  dependent  on  test  conditions  (water  depth, 
tire  pressure  and  tread  depth)  for  the  radial  tire  than  for  the  ASTM 
E501  tire.  That  is,  the  ASTM  tire  produced  a  more  consistent 
"ranking"  of  the  pavements  with  various  combinations  of  tire  para- 
meters and  water  depths. 

3.  With  positive  water  depths,  traction  becomes  less  than  that  for 
ASTM  E274  skid  numbers  as  low  as  20  mph  (32  km/h).   It  continued  to 
decrease,  usually  smoothly,  until  full  loss  of  contact  with  the 
pavement  occurs  at  which  speed  it  becomes  equal  to  the  freewheeling 
hydrodynamic  drag. 

4.  Within  the  boundaries  of  the  test  matrix,  tread  depth  usually  has  a 
greater  influence  on  traction  and  hydroplaning  speed  than  either  tire 
inflation  pressure  or  positive  water  depth  with  all  other  factors 
equal. 

5.  Spinup,  after  unlocking  the  test  wheel,  may  be  a  more  positive  and 
precise  indicator  of  full  hydroplaning  speed  than  spindown.  Complex 
hydrodynamic  forces  are  involved,  with  subtle  interactions  of  tire, 
tread,  inflation  pressure,  water  depth,  pavement  and  speed. 

6.  No  consistent  difference  in  skid  numbers  was  observed  whether  accel- 
erating slowly,  decelerating  slowly  or  at  constant  speed.  This  per- 
mits data  points  to  be  taken  at  several  speeds  during  one  variable- 
speed  run,  which  in  turn  results  in  savings  of  time  and  cost. 

7.  Loss  of  contact  can  occur  between  40  and  45  mph  (64  and  72  km/h)  in 
"puddles"  of  about  1  in  (25  mm)  maximum  depth  and  about  30  ft  (9  m) 
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in  length.  In  addition,  horizontal  drag  forces  up  to  300  Ibf  (1.3  kN) 
were  observed.  Three-eighths  in  (9.5  mm)  of  water  can  produce  about 
90  Ibf  (400  N)  of  drag.  If  unevenly  distributed  laterally  by  pooling 
against  a  curb  or  raised  shoulder  on  a  cross  slope,  these  forces  could 
cause  hazardous  directional  instability. 
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CHAPTER  IV 

MINIMIZING  HYDROPLANING  CONDITIONS  ON 
PORTLAND  CEMENT  CONCRETE  SURFACES 

Introduction 

The  parameters  involved  in  this  study  that  influence  hydroplaning  of 
Portland  cement  concrete  (PCC)  surfaces  fall  into  two  groups:  those  associa- 
ted with  the  pavement  surface  and  those  associated  with  the  vehicle. 

This  phase  of  the  study  involved  two  separate  investigations.  The  first 
was  to  determine  the  validity  of  the  predicted  water  depth  for  drainage  lengths 
to  48  ft  (14.6  m)  (simulating  multilane  facilities  now  in  use),  and  the  other 
was  to  examine  skid  resistance  and  cornering  slip  on  textured  PCC  surfaces. 
In  the  following  sections,  the  results  from  each  investigation  are  presented. 

Water  Depth  Prediction  on  PCC  Surfaces  for  Multilane  Roadways 

To  determine  the  applicability  of  predictive  equations  for  water  depth  as 
a  function  of  relatively  long  drainage  lengths,  water  depths  were  determined 
for  drainage  lengths,  L,  up  to  48  ft  (14.6  m)  under  rainfall  intensities  up  to 
2  in/h  (5  mm/h)  and  slopes  up  to  8  percent.  Textures  included  the  longitudinal 
burlap  drag  (TXD  =  0.035  in  (0.9  mm)),  the  longitudinal  tines  (1/4  in  (6  mm)) 
clear  distance  -  TXD  =  0.068  in  (1.7  mm),  and  the  transverse  tines  (1/4  in 
(6  mm))  clear  distance  -  TXD  =  0.059  in  (1.5  mm).  A  total  of  117  water  depth 
measurements  was  taken,  and  subsequently  added  to  218  measurements  taken  some 
five  years  ago  (11).  All  measurements  were  statistically  analyzed  in  the  com- 
puter using  a  two-step  regression  technique  to  develop  the  best  fit  equations 
for  the  data.  Neglecting  texture  type  and  texture  direction,  the  resulting 
overall  equation  for  concrete  surfaces  is 

WD  =  [0.2031  (TXD)1'325(L)0'443(I)°-598(1/S)0-355]  -  TXD        Eq  (15)* 

2 
Correlation  coefficient  squared,  R  =  0.68 

WD  =  water  depth  from  the  top  of  the  asperities  -  in  (1  in  =  25.4  mm) 
I  =  rainfall  intensity  -  in/h  (1  in/h  =  25  mm/h) 
S  =  slope  of  pavement  -  ft/ ft  (m/m)  or  percent 
TXD  =  texture  depth  (sand  patch)  -  in  (1  in  =  25.4  mm) 
L  =  drainage  length  -  ft  (1  ft  =  0.305  mm) 

To  compare  this  overall  equation  with  the  previously  developed  equation 
for  water  depth  which  was  presented  in  the  first  report  on  this  study  (9_  ); 
i.e. 

"WD  =  [0.00338  (TXD)°-11(L)0-43(I)°-59(1/S)0'42]  -  TXD  Eq  (16) 

R2  =  0.81 

a  hypothetical  example  was  selected  (I  =  3.00  in/h)  (76.2  mm/h),  slope  = 
0.5  percent,  and  TXD  =  0.045  in  (1.1  mm).  Figure  57  shows  the  relationship 
between  the  equation  and  the  old  equation  reported  in  the  interim  report  (9.). 


*Equation  15  is  an  independent  derivation  of  Equation  16  with  new  coef- 
ficients. Differences  between  the  two  are  not  significant;  therefore, 
Equation  16  is  recommended  for  all  computations  of  water  depth. 
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Figure  57.  Water  depth  vs. drainage  length  for  concrete  surfaces 
and  old  equation 
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The  conclusion  here  is  that  water  depths  for  drainage  lengths  to  48  ft 
(14.6  m)  (and  probably  considerably  beyond)  can  be  predicted  with  confidence 
from  either  equation.  Furthermore,  the  data  showed  that  texture  type  (brush, 
tines,  burlap,  etc.)  did  not  appreciably  influence  water  depth. 

To  assess  the  differences  between  longitudinal  and  transverse  texture 
directions,  the  data  were  statistically  analyzed  for  each  condition.  The 
resulting  equations  are 

A.  Longitudinal  Concrete  Textures 

WD  =  [0.3581  (TXD)1-544(L)°-457(I)°-609(1/S)0'362]  -  TXD     Eq  (17) 
R2  =  0.49 

B.  Transverse  Concrete  Textures 

WD  =  [0.09858  (TXD)1-002(L)0-421(I)°-574(1/S)0-314]  -  TXD    Eq  (18) 

R2  =  0.90 

A  plot  of  these  two  equations  (Nos.  17  and  18)  for  the  same  assumed  conditions 
reveals  no  significant  difference  in  water  depth  as  a  function  of  texture 
direction  (Figure  58). 

By  combining  all  previously  obtained  data  (11)  with  the  data  gathered  on 
this  study,  the  following  equation  was  developecTTusing  1059  data  values): 

WD  =  [0.003726  (TXD)0-125(L)0-519(I)°'562(1/S)0'364]  -  TXD      Eq  (19) 

R2  =  0.83 

Using  the  same  hypothetical  example, the  results  of  this  equation  are  compared 
with  the  old  equation  (No.  16)  in  Figure  59. 

One  additional  set  of  data  was  gathered  during  this  experimental  investi- 
gation: the  runoff  from  the  surface  as  a  function  of  time  after  cessation  of 
rainfall.  From  these  data  the  water  depth  at  the  outer  edge  of  the  beam 
(which  represented  a  drainage  length  of  54  ft  (16.5  m))  could  be  accurately 
determined  as  a  function  of  time  after  rainfall  cessation.  Using  these  data, 
a  best  fit  equation  was  developed  using  the  two-step  linear  regression  com- 
puter technique.  The  resulting  equation  is 

For  L  =  54  ft  (16.5  m)  only: 

BWD  =  1.283  x  10"3  (TXD)-0-044(I)-0-026(l/S)0-815e-°-328t      Eq  (20) 

R2  =  0.49 

where  BWD  =  average  water  depth  from  the  bottom  of  the  asperities,  in  (1  in  = 
25.4  mm) 
t  =  time  after  rainfall  cessation,  min. 
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Figure  58.  Water  depth  vs.  drainage  length  for  longitudinal  and 
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Figure  59.  Water  depth  vs.  drainage  length  for  combined  data 
and  old  equation 


83 


A  graph  of  this  equation  for  a  hypothetical  situation  with  two  texture  depths 
is  given  in  Figure  60.  Note  that  bottom  water  depth  is  almost  independent  of 
texture  depth.  These  curves  indicate  the  time  the  pavement  surface  (at  an 
L  =  54  ft  (16.5  m))  would  contain  water  after  cessation  of  rainfall.  For  a 
0.025  in  (0.6  mm)  texture,  the  pavement  would  have  positive  water  depths  for 
approximately  4-1/2  min  after  the  rainfall  stopped.  While  these  data  are 
very   limited,  they  emphasize  the  important  fact  that  pavements  do  remain  wet 
for  relatively  long  periods  of  time  after  appreciable  rainfall;  especially 
when  one  considers  that  rainfalls  do  not  suddenly  cease,  rather  are  sporadic 
in  intensity  and  trace  amounts  of  rainfall  often  occur  for  some  time  (  9_ ) . 
Thus,  wet  pavement  conditions  may  exist  for  significant  periods  of  time  even 
though  water  depth  predictions  may  not  indicate  the  presence  of  positive  water 
depths. 

Skid  Resistance  and  Cornering  Slip  on  Textured  PCC  Surfaces 

No  analysis  of  hydroplaning  would  be  complete  without  investigating  both 
skid  resistance  and  cornering  slip  of  wetted  pavements.  To  accomplish  this, 
the  standard  ASTM  skid  trailer  was  used  to  measure  skid  resistance,  and  the 
HSRI  Mobile  Tire  Tester  was  utilized  with  a  number  of  tires  to  measure  cor- 
nering slip  at  various  vehicle  speeds  and  tire  slip  angles. 

Results  from  a  previous  study  (1_7)  in  which  17  test  sections  were  sub- 
jected to  standard  skid  testing  under  simulated  rainfall  are  fully  reported  in 
the  earlier  hydroplaning  report  (  9_ ) .  For  completeness  these  results  are 
summarized  here.  All  of  these  data  were  statistically  analyzed  using  a  two- 
step  select  regression  analysis  technique  where  best  fit  models  were  developed, 
They  are 

A.  For  Transverse  Textures 

SN  =  -£L-     26.65   (TD  +  1)0J8  TXD0,49  +  ]      n  „  Eq    (21) 

V'-Ib  (WD  +  0.1)U'bJ 

R2  =  0.78 

B.  For  Longitudinal  Textures 

SN  =  -22-  332   (TD  +  1}0.14  TXD0.06  +  1  Eq  (22) 

V''J/  (WD  +  0.1)U'JI 


where: 


SN  =  calculated  skid  number 
V  =  vehicle  speed  in  mph  ((km/h)/l .609) 
TD  =  skid  tire  tread  depth  in  32nds  in  (mm  x  32/25.4) 
TXD  =  pavement  texture  depth  in  inches  (mm/25.4)  based  on  putty  impres- 
sion values 
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WD  =  water  depth  on  the  pavement  surface  in  inches  (mm/25.4)  measured 
from  the  top  of  the  pavement  asperities. 

The  effect  of  speed  on  skid  values  as  a  function  of  texture  direction  and 
water  depth  is  shown  in  Figure  61.  Here  the  influence  of  texture  direction  is 
shown.  At  higher  speeds  (greater  than  40  mph  (64  km/h))  transverse  texturing 
results  in  significantly  higher  values  of  skid  numbers  than  longitudinal  tex- 
turing. The  effect  of  vehicle  speed  on  skid  values  as  a  function  of  texture 
direction  and  texture  depth  is  shown  in  Figure  62.  Here  again,  even  for  the 
very   deep  texture  pavement  (0.060  in  (1.5  mm))  in  this  example,  transverse 
texturing  results  in  significantly  higher  skid  numbers  at  higher  speeds  where 
hydroplaning  is  most  likely.  Furthermore,  deeper  tranverse  textures  do  result 
in  higher  skid  values  at  every   speed. 

The  obvious  question  is,  do  these  findings  hold  true  for  cornering  slip? 
To  answer  this  question  a  total  of  504  observations  were  made  on  seven  PCC 
test  sections  on  SH-6  in  College  Station,  Texas  (see  Appendix  for  data).  As 
these  test  sections  were  fully  described  in  the  previous  hydroplaning  report 
(9j,  only  their  textures  are  summarized  (Table  12).  These  measurements  were 
made  with  the  HSRI  Mobile  Tire  Tester,  which  consists  of  a  retractable  test 
wheel  mounted  on  the  rear  of  a  modified  tandem-axle  commercial  tractor 
(Figure  63)  which  serves  as  the  test  bed.  The  test  wheel  accommodates  tires 
in  a  size  range  6.45-14  to  9.15-15.  A  dead-weight  vertical  tire  load  (inde- 
pendent of  the  test  bed)  in  the  range  600  to  2000  lbf  (2670  to  8900  N)  may  be 
used.  The  test  wheel  is  attached  to  the  test  bed  through  a  transducer  sensi- 
tive to  longitudinal  and  lateral  tire  forces  and  aligning  moment.  Calibration 
tests  show  transducer  accuracy  to  be  approximately  -1.5  percent  of  full  scale 
as  calibrated  "on  truck"  under  all  conditions  of  loading. 

The  on-board  data  acquisition  system,  consisting  of  an  FM  magnetic  tape 
recorder  and  a  light-beam  oscillograph,  is  mounted  in  the  sleeper  portion  of 
the  tractor  cab  along  with  test  wheel  control  instrumentation.  Electrical 
power  for  the  instrumentation  is  supplied  by  an  on-board  gasoline-fueled 
6.4  kW  AC  generator.  Other  test  data  recorded  are  tread  surface  temperature 
(from  an  infrared  radiometer  mounted  above  the  test  tire),  test  wheel  angular 
velocity,  and  test  bed  velocity.  These  last  two  quantities  yield  a  precise 
measure  of  test  tire  longitudinal  slip. 

The  test  wheel  is  driven  by  a  hydraulic  motor  which  allows  test  wheel 
speed  to  be  varied  independently  of  test  bed  speed.  The  hydraulic  motor  is 
controlled  from  the  cab  and  operated  in  three  modes:  steady-state  (constant) 
slip,  slip  varying  linearly  with  time  and  sinusoidal  slip  variation  with  time. 
The  last  two  modes  are  controlled  by  automobile  programs  to  cycle  the  longi- 
tudinal slip  between  adjustable  limits  in  an  adjustable  time  span. 

Either  braking  or  driving  torque  is  developed  by  driving  the  test  wheel 
at  a  rotational  rate  corresponding  to  a  linear  velocity  less  than  or  greater 
than  the  road  speed,  and  has  several  advantages  over  braking  by  a  conventional 
mechanical  brake  (drum  or  disk).  A  tire  controlled  by  a  mechanical  brake  ex- 
hibits extremely  rapid  lock-up  after  developing  its  peak  braking  force  and  the 
data  are  prone  to  spurious  transients.  The  mobile  tire  tester  is  able  to  pre- 
cisely control  test  wheel  acceleration  and  deceleration  over  the  entire  longi- 
tudinal slip  range  of  tire  operation  (driving  to  free-rolling  to  locked  wheel). 
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Table  12.  Concrete  test  section 
texture  depths 


Test 

Texture 

Section 

Date 

Depth  (in  ) 

F-l 

Jan 

73 

0.042 

Transverse 

Mar 

73 

0.032 

Broom 

June 

74 

0.030 

Jan 

76 

0.027 

F-2 

Jan 

73 

0.060 

Transverse 

Mar 

73 

0.051 

Tines  (1/8  in  ) 

June 

74 

0.050 

Jan 

76 

0.034 

F-3 

Jan 

73 

0.027 

Longitudinal 

Mar 

73 

0.023 

Broom 

June 

74 

0.018 

Jan 

76 

0.029 

F-4 

Jan 

73 

0.059 

Longitudinal 

Mar 

73 

0.056 

Tines  (1/8  in  ) 

June 

74 

0.051 

Jan 

76 

0.056 

F-5 

Jan 

73 

0.074 

Burlap  +  Longitudinal 

Mar 

73 

0.072 

Tines  (1/8  in  ) 

June 

74 

0.062 

Jan 

76 

0.064 

F-6 

Jan 

73 

0.024 

Burlap  Drag 

Mar 

73 

0.021 

(Control) 

June 

74 

0.023 

Jan 

76 

0.027 

F-7 

Jan 

73 

0.026 

Transverse  Natural 

Mar 

73 

0.024 

Brush 

June 

74 

0.026 

Jan 

76 

0.031 

1  in  =  25.4  mm 
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Figure  61.  Effect  of  vehicle  speed  on  skid  number  for  tread  depth 
of  11/32  in  and  texture  depth  of  0.030  in 
(curves  calculated  from  equations) 
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Figure  63.  Michigan's  tire-pavement  friction  tester 
(HSRI  Mobil  Tire  Tester) 
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The  data  summarized  in  Appendix  A  represent  the  attempts  to  measure 
cornering  slip  under  conditions  in  which  positive  water  depths  were  present. 
To  accomplish  this  a  number  of  test  runs  was  made  during  actual  rainfall. 
Unfortunately,  the  weather  chose  to  be  uncooperative  and  during  the  time  the 
Michigan  tire  tester  was  available  for  use  on  this  project  (five  months)  no 
heavy,  sustained  rainfalls  occurred.  Toward  the  end  of  this  period,  in  an 
attempt  to  gather  additional  data  on  cornering  slip,  the  test  sections  were 
wetted  using  a  4000  gal  (15rrr)  water  truck.  For  safety  reasons  the  water 
truck  traveled  at  40  mph  (64  km/h)  with  the  Michigan  tire  tester  following 
part  of  the  time  at  the  same  speed  and  part  of  the  time  at  55  mph  (88  km/h). 
This  system  was  only  partially  successful  in  that,  while  positive  water  depths 
were  not  obtained,  the  pavement  was  wetted. 

In  one  final  effort  to  obtain  cornering  slip  under  conditions  approaching 
hydroplaning,  on  each  of  three  test  sections,  the  water  truck  passed  over  at 
5  mph  (8  km/h)  and  was  followed  by  the  Michigan  tire  tester  at  55  mph  (88  km/h) 
with  a  4  degree  slip  angle  using  the  ASTM  tire  at  24  psi  (165  kPa)  and 
2/32  in  (1.6  mm)  tread  depth.  The  results  of  these  tests  are 

Test  Section  Cornering  Slip 

F2  Transverse  Tines  58 

F4  Longitudinal  Tines  55 

F6  Burlap  (Control )  35 

The  data  reported  in  Appendix  A  represent  more  than  1000  combinations  of 
the  variables  involved.  To  analyze  the  data,  statistical  regression  computa- 
tions were  performed  with  the  aid  of  the  computer,  and  the  following  variables 
were  found  to  insignificantly  influence  cornering  slip  (CS) : 

Cross  slope  (S)  (between  1.7  and  2.4  percent) 

Tire  inflation  pressure  (P)  (between  18  and  24  psi  (124  and 
165  kPa)), 

While  the  other  values  overshadowed  the  influence  of  these  two  variables,  it 
should  not  be  construed  that  these  variables  are  not  important  in  hydroplaning. 
Rather,  it  means  that  only  under  the  conditions  of  the  experiment  reported 
were  these  variations  undefined. 

Table  13  summarizes  those  predictive  equations  with  the  best  correlation 
coefficients.  For  completeness,  one  of  the  insignificant  variables,  tire 
pressure,  has  been  included  in  some  of  the  equations.  But  for  pressures  from 
18  to  32  psi  (124  to  221  kPa)  the  resulting  CS  values  are  almost  the  same. 
Note  that  some  of  the  equations  (Nos  26  through  31)  are  good  for  only  a  40  mph 
(64  km/h)  vehicle  speed.  Although  data  were  gathered  at  55  mph  (88  km/h), 
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the  data  scatter  was  such  that  too  low  a  correlation  coefficient  was  obtained 
for  the  equations  to  be  meaningful.  The  reason  for  this  scatter  was  due  to 
the  different  speeds  of  the  water  truck  and  the  Michigan  tire  tester  resulting 
in  differing  degrees  of  pavement  wetness. 

Unfortunately,  the  data  obtained  were  not  sufficient  to  reflect  the  rela- 
tionship between  CS  and  tread  depth.  Initially,  data  were  gathered  using  the 
standard  ASTM  tire  with  full  tread  to  relate  the  results  to  standard  SN 
values.  When  the  weather  chose  to  be  uncooperative,  the  final  series  of  tests 
was  made  utilizing  minimum  tread  depths.  Thus,  Equations  23,  24,  and  25  are 
not  directly  comparable  to  Equations  26  through  31  (Table  13)  because  of  the 
different  tread  depths. 

To  illustrate  the  meaning  and  import  of  these  equations  in  Table  13,  cer- 
tain assumed  conditions  were  taken  and  the  cornering  slip  (CS)  numbers  were 
calculated  from  the  equations.  Under  natural  rainfall  conditions  with  full 
ASTM  tire  tread  depth,  cornering  slip  at  4  degrees,  as  a  function  of  vehicle 
speed  and  texture  direction,  is  portrayed  in  Figure  64.  For  these  conditions 
(0.030  in  (0.76  mm)),  the  effects  of  texture  direction  are  minimal.  The 
higher  the  vehicle  speed  the  lower  the  cornering  slip,  as  expected.  At  speeds 
above  40  mph  (64  km/h)  the  transverse  textures  result  in  somewhat  higher  CS 
numbers  than  the  longitudinal  textures.  This  is  the  same  result,  as  obtained 
with  standard  SN  values  (Figures  61  and  62).  The  effects  of  texture  depth  and 
texture  direction  under  the  same  conditions  (Figure  65)  indicates  that  doubling 
the  texture  depth  from  0.030  to  0.060  in  (0.8  to  1.5  mm)  increases  CS  approxi- 
mately 15  percent  for  slip  angles  from  2  to  16  degrees.  Note  also  the  higher 
CS  number  for  transverse  textures  at  this  speed. 

Figure  66  illustrates  the  effects  of  the  various  tire  types  (with  reduced 
tread  depth)  on  CS  at  various  slip  angles.  For  this  case  four  of  the  five 
tires  contained  only  2/32  in  (1.6  mm)  tread  depth.   (The  fifth  tire  was  stan- 
dard ASTM  and  is  shown  for  comparison  purposes.)  Examination  of  this  figure 
reveals  some  interesting  results.  First,  at  low  slip  angles  the  wide  oval 
tire  exhibited  the  greatest  CS,  but  at  higher  slip  angles  this  same  tire 
exhibited  the  lowest  CS.  The  reverse  situation  occurred  with  the  radial  tire. 
At  first  glance  this  may  appear  confusing,  but  it  must  be  remembered  that 
although  the  pavement  sections  were  wetted,  in  no  cases  were  positive  water 
depths  present.  Thus  these  results  represent  conditions  in  which  significant 
portions  of  the  tire  are  in  contact  with  the  pavement  surface,  especially  at 
the  lower  slip  angles.  For  the  higher  slip  angles,  some  partial  hydroplaning 
may  be  occurring,  so  the  results  are  more  nearly  as  expected.  By  comparing 
the  two  ASTM  tires,  the  beneficial  effects  of  tread  depth  may  be  observed. 
The  full  tread  resulted  in  a  three  to  five  number  increase  in  CS  for  slip 
angles  from  2  to  16  degrees.  This  increased  CS  can  become  extremely  important 
in  a  partial  hydroplaning  condition  and  thus  the  importance  of  deep  treads  on 
all  tires  cannot  be  overemphasized. 

The  combined  effects  of  water  depth  and  texture  direction  are  shown  in 
Figure  67.  Here  for  the  16  degree  slip  angle,  the  calculated  CS  numbers  for 
longitudinal  and  transverse  textures  as  a  function  of  texture  depth  are  com- 
pared with  the  three  data  points  of  Figure  67  obtained  under  more  nearly 


93 


Lf, 

C\j 

o 

V 

>- 

I— 

1 — 1 

co 

T*" 

in 

UJ 

h- 

1— 

Q_ 

^ 

UJ  m 

LjJ 

1— 1 

a:  h- 

ID  D_ 

Q 

n 

CO  LU 

LU 

_J 

CO  O 

Qi 

1 

LU 

IZ> 

< 

CC  Q 

I— 

u_ 

LjJ 

D_  =1 

X 

^ 

_J 

LjJ 

LU 

t— 1 

CJ3 

uj  or 

t— 

<c 

s: 

a:  i— 

q; 

< 

l—l 

1—    c 

E 

_i 

Q_ 

■i— 

•i — 

<c 

i — i 

•r— 

or 

_J 

to  c\j 

O 

ZD 

CO 

CLCO 

co 

\— 

"^ 

o 

<o 

«*    r— 

• 

^ 

"*Mi- 

o 

CO 

CD 
O 


to 

s_ 

CD 

> 

o 
c_> 

u 


<T3  \ 

ci-    E 
E-^  ^ 

E 

LO   CTl 

<^t-  CTi   o 

•CO  CO 

LO        •         . 

C\J  CO  , — 

I!       II       II 


C     CO     Q_ 
•r-     D-    E 


CD 


At 


O 

oo 


o 


o 

CO 


CD 
CD 

c 


O 


03 


-M 


o 

LO 


CD 


-!-> 


o 

CO 

LO 

JZ 

o 

Q. 

M- 

E 

"D 

r, 

CD 

-o 

CD 

CD 

CL 

CD 

to 

o 

Q. 

<3- 

CO 

CD 

CD 

O 

t—~ 

•  i — 

(_> 

-E 

•i — 

CD 

-C 

> 

CD 

> 

to 

> 

o 

en 

CD 

JO 

E 

Z2 

a. 
to 

o 

CM 

en 

•r- 

s- 

CD 

s_ 
o 

CD 

S- 

CJ) 


o 


o 
oo 


o 


o 

CD 


O 
LO 


jaqiunN    d l  ls    6ulj9ujc3    paq.e[n3[e3 


94 


CO 


GO 

21 

O 

i — i 

1— 

i— i 

O 

3= 

21 

(—   UJ 

o 

o_  q; 

o 

LlJ  ZD 
Q  GO 

_l 

go 

1 

O  UJ 

<c 

<  a: 

u_ 

LaJ  Q_ 

21 

CH 

t—i 

1—   UJ 

<c 

ce: 

Cd 

l-H 

C  1— 

_j 

•r— 

<C  -C 

•r- 

Od 

CL 

c\j   oo 

ZD 

E 

CO    D. 

^— 

^^ 

<c 

LO 

i—  ** 

21 

i_n 

r-  CM 

•■-         O  -r-  o 

CO  CO 

o       o  o  o 

CO  •  OO 

O  O  O  O 


oo 

CD 

s- 

CDc\J 


oo 

s- 

CD 

> 

o 
o 

u 

•r™ 

s- 
+-> 

CD 


E  -^^ 

E 

CX.LT> 

^-   OCT> 
•  CO  CO 

lo     .    • 

CVJ  i —  CD 
II      II      M 


C    CL  00 

•r-     E    CL 


o 

00 


-V-1 


C\J 


CO 


CD 


LO 
LO 


4-> 

03 


O 
LO 

UJ 

CD 

S- 


oo 

<c 

s- 

o 

<+- 

CO 

CD 

CD 

CD 

en 

S- 

c 

cn 

ra 

CD 

-a 

CL 

•1 — 

•* 

1 — 

CD 

00 

CD 

. 

c 

00 

03 

> 

Q. 

S- 

•r— 

CD 

i — 

-O 

CO 

E 

=3 

c 

CL 

CJ) 


s- 

CD 

c 
s- 
o 

C_) 


CD 

S- 


cn 


o 


o 

CD 


o 

LO 


o 


uaqairiN  cjlls  6uLjaiuoo  P9ieLnDLe3 


95 


Q_ 

LjJ 
Q 


CO 


CD 

a> 

s- 

CD 
CD 


CD 

cd 

«E 
GL 

<J~> 


<JD 


ST. 

\  n3 

r-   ^  a. 

c 

E  .*:  -^ 

o 

E 

•  1 — 

cr>  Lr> 

to 

"d-o  sf 

s- 

•  <X>  00 

a) 

LO        .        . 

> 

(Mr-^O 

c: 

o 

II      II      II 

c_> 

-C  -r- 

o 

c  aw 

■  1 — 

•>-    E   Q. 

S- 

+-> 

i —  i—  i— < 

to 
CD 

s- 


Z5 

o 

•I — 

s- 

> 

s- 
o 

4- 
CD 

CD 

Q. 


to 

> 

S- 
<D 
JD 

E 

Q. 


CD 

c 

•I — 

S- 

a> 

c 
s_ 
o 

O 


CD 

S- 
13 
CD 


C\J 


o 

CO 


o 


o 


o 

ID 


O 


At 


jaqwnN  dL[s  6inu8iwoo  pa^eLn:)Le3 


96 


90  r 


80 


Transverse  Textured  Surface 
(Equation  23) 
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Longitudinal  Textured  Surface 
(Equation  24) 
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tread  depth) 
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30 
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Metric  Conversion: 


(Burlap 

Flooded  pavement 
2/32  in  tread) 


NATURAL  RAINFALL 
INTENSITY  <  0.25  in/h 
16°  SLIP  ANGLE 
24  psi  TIRE  PRESSURE 
55  mph 


<> 


1   in  =  25.4  mm 
1  psi   =  6.895  kPa 
1  mph  =   1.609  km/h 
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Figure  67.         Cornering  slip  number  vs     texture  depth  for  ASTM 
standard  tire  E501  with  full    (11/32   in)   and  low   (2/32   in)   tread 
depth  at  hydroplaning  conditions 


*See  page  87. 
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hydroplaning  conditions.  The  data  under  the  more  nearly  hydroplaning  condi- 
tions (flooded  pavement  with  shallow  tread  depths)  are  frighteningly  lower 
than  the  calculated  values  from  data  obtained  under  natural  rainfall  condi- 
tions in  which  the  pavement  did  not  have  positive  water  depths  and  using 
deeper  tread  depths.  Note  that  the  transverse  texture,  under  both  conditions, 
exhibited  higher  CS  numbers.  This  is  in  agreement  with  the  ASTM  E274  SN40 
numbers  obtained  under  simulated  rainfall  (Figures  61  and  62)  and  the  other 
CS  data.  The  dotted  curves  through  the  three  data  points  (Figure  67)  obtained 
for  positive  water  depths  are  only  suggestive  of  what  might  be  the  shapes  of 
the  curves  based  on  all  the  other  data  obtained.  But,  due  to  the  paucity  of 
these  data,  no  firm  relationships  could  be  established  and  hence  the  question 
marks  by  the  curves.  Once  again,  however,  the  extremely  reduced  CS  values  on 
flooded  pavements  using  reduced  tread  depths  point  up  the  dangers  of  hydro- 
planing under  these  conditions. 

Table  13  contains  one  equation  (No.  32)  which  represents  the  regression 
analysis  of  all  data  gathered.  Here  again  the  variable  of  tread  depth  was 
indicated  to  be  insignificant  as  it  did  not  appear  in  the  equation  (which  is 
obviously  in  error).  A  plot  of  this  equation  from  all  the  data  is  compared  to 
Equation  25  (which  was  calculated  using  a  full  treaded  ASTM  tire)  in  Figure 
68.  The  difference  in  the  two  curves  can  be  attributed  to  the  deeper  tread 
utilized  in  the  natural  rainfall  conditions.  Thus  the  influence  of  tread 
depth  can  be  partially  seen  in  this  figure.  Equation  32  should  not  be  used 
to  predict  CS  because  of  the  wide  data  scatter  and  omission  of  such  important 
parameters  as  tread  depth  and  texture  direction. 

Discussion  and  Conclusions 

A  large  amount  of  data  was  gathered  and  analyzed  in  this  phase  of  the 
investigation.  The  phenomenon  of  hydroplaning  on  highway  surfaces  is  ex- 
ceedingly complex  and  involves  many,  many  variables.  Although  most  of  the 
data  obtained  were  for  conditions  which  did  not  approach  full  dynamic  hydro- 
planing, the  findings  are  extremely  important  because  they  relate  to  fre- 
quently occurring  conditions  in  which  the  pavement  is  completely  wetted  and 
thus  potentially  hazardous  to  the  motorist.  These  data  obtained  under  hydro- 
planing conditions  verify  the  types  of  relationships  developed  between  CS, 
speed,  tread  depth,  and  texture  direction. 

From  the  data  the  following  conclusions  have  been  drawn 

1.  Water  depth  as  a  function  of  cross  slope,  texture  depth  and  rain- 
fall intensity  can  be  reliably  predicted  for  drainage  lengths  up 
to  48  ft  (14.6  m),  and  probably  considerably  beyond.  The  direc- 
tion of  the  texturing  does  not  significantly  influence  the 
resulting  water  depths. 

2.  Potentially  hazardous  positive  water  depths  exist  for  several 
minutes  beyond  the  cessation  of  an  appreciable  rainfall,  and  a 
wetted  surface  exists  for  many  minutes  beyond  cessation  of  rain- 
fall. A  predictive  equation  of  the  time  a  pavement  will  remain 
either  with  positive  water  depth  or  wetter  to  any  desired  degree 
was  developed  (Eq.  20). 
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3.  Under  both  SN  measurements  and  CS  measurements  on  wetted  surfaces, 
transverse  textures  yield  higher  values  than  do  longitudinal  textures, 
Thus  the  logical  recommendation  would  seem  to  be  to  require  trans- 
verse textures  for  both  tangent  and  horizontally  curved  sections  of 
the  roadway.  But,  it  should  be  pointed  out  that  this  research,  as 
detailed  as  it  was,  did  not  investigate  the  potentially  hazardous 
maneuver  of  full  dynamic  hydroplaning  of  an  automobile  around  a 
horizontal  curve!  Here  the  conditions  are  not  approximated  by  either 
skid  numbers  or  cornering  slip  numbers.  Logic  would  strongly  sug- 
gest that  vehicle  tracking  could  be  very  influential  in  keeping  the 
vehicle  in  its  respective  lane.  This  tracking  could  best  be  obtained 
by  providing  longitudinal  texturing,  rather  than  transverse,  through- 
out the  horizontal  curves.  Certainly  the  dramatic  decreases  in  acci- 
dent rates  documented  (1_8)  in  California  (and  elsewhere)  after  longi- 
tudinal grooving  attest  to  the  validity  of  this  approach.  What  is 
not  known  is  whether  or  not  transverse  grooving  would  have  been  as 
good  as,  worse  or  better  than  longitudinal  grooving  in  terms  of 
accident  reduction. 

California  DOT  (1_8)  uses  longitudinal  grooves  on  horizontal 
curves  and  they  report  90  to  95  percent  reduction  of  spinout  type 
of  accidents.  California  has  one  installation  which  utilizes  trans- 
verse grooves  on  horizontal  curves  and  one  installation  with 
"diamond"  grooves.  Accident  records  are  currently  unavailable  on 
these. 

Recently  California  DOT  has  used  transverse  texturing  of  plastic 
concrete.  Accident  data  on  these  installations  are  being  collected 
but  a  conclusion  at  this  time  is  premature. 

Skid  number  and  cornering  slip  data  clearly  establish  the  vali- 
dity of  requiring  transverse  textures  on  tangent  sections,  but  on 
horizontal  curves  the  jury  is  still  out! 

4.  Increasing  texture  depth  provides  the  greatest  increase  in  either 

SN  or  CS  values.  Thus  deep  textures  should  be  constructed;  however, 
noise  and  tire  wear  must  be  considered.  From  a  construction  view- 
point, texture  depths  of  0.06  in  (1.5  mm)  can  be  easily  constructed 
utilizing  tines  spaced  1/4  in  (6  mm)  clear  distance  (9_) .  Therefore, 
initial  texture  depths  of  0.06  in  (1.5  mm)  should  be  required  as  an 
average  minimum  and  in  no  case  should  the  construction  of  texture 
depths  below  0.05  in  (1.3  mm)  be  permitted. 

5.  The  type  of  tire  and  tread  depth  significantly  influence  CS  values. 
At  elevated  speeds  and  relatively  high  slip  angles  the  wide  oval  tire 
developed  the  lowest  CS  values  while  the  radial  developed  the  highest 
CS  values.  Shallow  tread  depths  produced  significantly  lower  CS 
values  than  did  deeper  tread  depths. 
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CHAPTER  V 

TIRE-PAVEMENT  INTERACTIONS  ON  OPEN-GRADED  FRICTION 
COURSES  IN  SIMULATED  AND  NATURAL  RAINFALL 

Introduction 

The  interrelation  between  skid  resistance,  road  surface  texture  and 
water  film  thickness  has  been  under  serious  and  intensive  study  for  the 
past  decade  or  more.  The  danger  potential  of  inadequate  friction  at  the 
tire-pavement  interface  during  wet-weather  conditions  has  been  magnified 
by  ever  increasing  traffic  volumes  and  steadily  rising  numbers  of  heavy 
trucks. 

Inflation  continues  to  reduce  the  effectiveness  of  available  funds 
for  highway  construction  and  maintenance.  These  forces  acting  together 
with  a  continuing  reduction  in  the  economic  availability  of  aggregates 
with  long-lasting  skid-resistance  properties  place  heavy  demands  on  res- 
ponsible highway  personnel  all  across  the  United  States. 

An  introduction  to  a  problem  as  complex  as  tire-pavement 
interactions  during  wet  weather  demands  a  nominal  review  of  past  studies, 
known  basic  information,  current  approaches  now  being  utilized  to  minimize 
the  problems  and  possibly  futuristic  thinking  regarding  idealized  practices 
that  would  eliminate  the  slippery  pavement  problem. 

Review  of  Recent  Literature 

During  the  past  approximately  five  years, three  symposiums  on  skid 
resistance  have  been  conducted  with  each  of  these  conferences  including 
contributions  from  leading  researchers  from  throughout  the  United  States  and 
Europe.  A  review  of  the  findings  presented,  as  these  may  be  considered  to 
apply  to  the  subject  report,  seems  appropriate  and  will  therefore  be  in- 
cluded. The  symposiums  cover  one  developed  and  presented  in  1973  by  the 
Association  of  Asphalt  Paving  Technologists  (AAPT)  in  Houston,  Texas;  one 
developed  and  presented  by  the  Study  Center  for  Road  Construction  in  1976 
in  Amsterdam,  Holland;  and  one  conducted  by  the  Transportation  Research 
Board,  National  Academy  of  Sciences,  in  1977. 

The  first  and  third  of  these  conferences  were  general  in  scope;  where- 
as, the  second  one  dealt  entirely  with  porous  pavements,  the  specific  sub- 
ject of  this  segment  of  this  report.  As  the  author  sees  them,  the  applica- 
ble aspects  of  these  conferences  will  be  reviewed  and  related  to  the  cur- 
rent study  as  seems  appropriate. 

Goodwin  (19)  has  reiterated  the  interdependence  of  the  driver,  the 
vehicle  and  the  driving  environment  as  key  elements  in  highway  accident 
picture,  detailing  the  driving  environments  subelements  as: 

1.  Roadway  geometric  and  hardware, 

2.  Road  surface  design, 

3.  Road  surface  construction, 
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4.  Traffic  volume  and  character  and 

5.  Wet  weather 

In  his  concluding  remarks  Goodwin  stated: 

"...There  are  still  many  unknowns,  but  the  state-of-the- 
art  is  such  that  important  contributions  can  now  be  made 
by  the  roadway  designer,  the  automobile  and  tire  manufac- 
turer, and  those  responsible  for  driver  education.  There 
remains  only  the  task  of  bringing  these  groups  together 
in  a  systematic  approach  to  seeking  total  solutions  to 
providing  adequate  skjd-safe  facilities  depending  on  the 
type  and  driving  requirements.  The  most  promising  im- 
provements seem  to  be  in  the  area  of  improved  geometries 
and  surface  characteristics  on  the  part  of  the  highway 
designer,  a  greater  attention  to  tire  type  and  conditions 
by  the  tire  manufacturer,  concern  with  tire  condition  by 
the  public,  improved  handling  characteristics  and  braking 
by  automobile  manufacturers,  and  the  education  of  drivers 
in  handling  of  emergency  situations...." 

The  current  study  touches  on  several  elements  of  the  total  wet- 
weather  accident  picture  described  in  part  by  Goodwin  but  omits  from 
consideration  such  critical  elements  as  driver  input,  vehicle  handling 
and  braking  operations.  Tire  type  and  tire  tread  depth  are  considered 
only  in  modest  detail. 

Nakkel's  (20)  review  of  early  European  developments  brings  home 
several  points  common  to  Europe  and  the  United  States  and  at  the  same  time 
he  reveals  stark  differences  in  pavement  mixture  design  and  traffic  demands, 
particularly  the-' heavier  loads  and  higher  tire  pressures  of  trucks.  Nakkel 
further  reports  that: 

"...By  means  of  basic  research  efforts  most  (European) 
countries  are  attempting  to  better  understand  relation- 
ship between  surface  texture,  materials  properties, 
properties  of  binders,  and  the  evaluation  of  the  proper- 
ties with  time  and/or  traffic  load  vs  skid  resistance...." 

In  general,  suitable  microtexture  and  macrotexture  of  road  surface 
provide  acceptable  anti-skid  properties  for  both  low-  and  high-speed  con- 
ditions. The  surface  texture  affects  skid  resistance  directly,  owing  to 
the  effects  on  the  thickness  of  water  film  on  pavements  under  wet  condition 
and/or  quicker  removal  of  water  from  the  surface. 

Nakkel  has  systematically  classified  road  surfaces  into  seven  groups 
shown  in  Figure  69  and  it  is  apparent  that,  in  general  at  least,  surface 
types  1  and  7  would  not  be  desirable;  whereas,  surface  types  3  and  5 
would  have  merit.  The  speed  sensitivity  of  types  2  and  4  would  limit  these 
to  lower  speeds. 

Nakkel  further  reports  on  the  extensive  skid  measurements  made  in  Ger- 
many for  the  more  than  two  past  decades.  The  frequency  distribution  diagram 
of  Figure  70  gives  the  limits  of  the  spectrum  for  locked  wheel  coefficients. 
These  data  are  based  on  more  than  700  highway  control  stations  and  include 
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TYPE 

OF 

SURFACE 

REPRESENTATION 

DESCRIPTION 

1 

NEITHER    MACROTEXTURE   NOR    MICROTEXTURE 

2 

ONLY   MICROTEXTURE 

3 

MACROTEXTURE    AND   MICROTEXTURE 

A/"                -     V~J 

4 

MACROTEXTURE    AND    MICROTEXTURE  AS  UNDER  3. 
(SLIGHT    DENSITY    OF  MACROTEXTURE) 

5 

AWWHAAVWWIM/VM 

MACROTEXTURE  (DUE  TO  CAPS  BETWEEN    COARSE 
AGGREGATES)    AND   MICROTEXTURE    (DUE    TO 
SHARP-EDGED     COARSE    AGGREGATES) 

6 

^™~~ ^ 

MACROTEXTURE   (DUE  TO  GAPS   BETWEEN    COARSE 
AGGREGATES).    NO    MICROTEXTURE 

7 

MACROTEXTURE  (FISSURES  AND  HOLES), 
NO    MICROTEXTURE 

(After  Nakkel  (20.) ) 
Figure  69.  Classification  of  surface  types 
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(After  Nakkel  (20)) 
Figure  70.  Frequency  distribution  of  the  friction 
coefficients  on  German  highways  and  motorways 
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gussasphalt,  asphalt  concrete  and  portland  cement  concrete.  From  this 
frequency  distribution  guide  values  for  adequate  skid  resistance  were  set 
to  correspond  to  the  90  percent  curve.  Similar  but  slightly  higher  values 
prevail  in  Holland.  In  Great  Britain  no  mandatory  skid  requirements  are  in 
force;  however,  mandatory  requirements  do  prevail  on  the  properties  of 
paving  mixtures  and  their  individual  constituents.  Limits  are  placed  on  the 
polish  susceptibility  and  the  abrasion  resistance  of  the  stone  used  in  the 
paving  mixture.  Blending  of  petroleum  asphalt  and  tar  is  practiced  in 
selected  situations  to  effect  controlled  oxidation  of  the  binder. 

Based  on  Nakkel's  review  of  the  European  situation,  adequate  skid 
measurements  must  be  made  to  determine  skid  values  that  can  be  produced  and 
preserved  within  economic  engineering  practice.  The  burden  is  being  shifted 
to  the  contractor  who,  in  many  instances,  must  furnish  a  surface  coefficient 
guarantee  for  periods  up  to  three  or  more  years.  This  would  seem  unfair  un- 
less the  mandatory  limits  were  set  rather  loosely,  in  which  case  they  would 
be  of  minimal  value. 

The  European  approach  to  obtaining  adequate  initial  anti-skid  values 
includes 

"(a)  mixes  with  a  high  content  of  matrix  and  no  gritting: 
use  of  very  high  amounts  of  extremely  hard  crushed 
sand  providing  the  bituminous  material  with  a  very 
high  degree  of  surface  texture  sharpness; 

"(b)  mixes  with  a  high  matrix  content  without  adequate 
amounts  of  hard  crushed  sand:  gritting  of  hot  sur- 
faces with  crushed  sand  or  crushed  stone  of  2  to  5 
mm  and  rolling-in  on  the  surface; 

"(c)  hot  rolled  asphalt:  use  of  sufficiently  large  quan- 
tities of  gritting  material  (crushed  stone);  with 
distribution  as  uniform  as  possible.  Further  tests 
are  needed  to  determine  the  quantities  of  gritting 
materials  required  to  obtain  adequate  initial  anti- 
skid values." 

Inherent  in  all  practical  situations  (neglecting  the  heavy  use  of 
studded  tires)  has  been  the  reduction  of  skid  resistance  under  the  action 
of  time  and  in  high  volumes  of  traffic;  reduction  being  brought  about 
mainly  by  polishing  of  the  key  fraction  of  the  aggregate  and  (in  the  case 
of  bituminous  pavements)  closing  up  of  the  surface  mat.  It  would  there- 
fore seem  that  successful  aggregate  systems  would  be  those  that  form  a 
paving  mixture  with  a  fixed  drainage  capability  (surface  and/or  internal) 
and  a  built-in  capacity  to  maintain  adequate  microtexture  by  a  differen- 
tial -rate-of-wear  property  or  a  continuing  renewal  ability. 

The  preceding  conclusion  has  been  voiced  by  others  over  the  past 
several  years  and  was  reiterated  by  Gallaway  (  21_  )  at  the  AAPT  1973  Annual 
Meeting. 

The  special  treatment  of  transitions  to  horizontal  curves  has  been  em- 
phasized in  the  past,  and  this  problem  persists.  A  suggested  solution  to 
this  problem  was  presented  by  Gallaway  (_21  )  and  is  shown  skematically  in 
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Figure  71  .  In  this  concept  the  needed  pavement  cross  slope  is  built 
into  the  system  as  if  the  curve  did  not  exist  and  then  the  design  cross 
section  with  an  open-graded  friction  course  is  placed  as  the  surface.  A 
capability  for  free  drainage  at  the  edge  of  the  pavement  must  be  included 
for  this  concept  to  be  advantageously  effective. 

The  International  Symposium  on  Porous  Pavements  held  in  Amsterdam  in 
1976  included  contributions  from  eight  different  countries  who  are  trying 
or  actively  using  open-graded  bituminous  surface  courses  for  various  rea- 
sons. In  Europe  and  South  Africa  the  primary  objectives  of  this  type  sur- 
face are  essentially  the  same  as  those  in  the  United  States;  namely,  im- 
proved friction  during  wet  conditions  and  the  reduction  of  splash  and 
spray.  In  Japan,  porous  pavements  are  utilized  to  assist  in  replenishing 
ground  water,  lowering  underground  soil  temperature,  supplying  water  and 
oxygen  to  tree  roots  and  reducing  glare  of  vehicle  headlights,  these  in 
addition  to  the  conventional  attributes. 

A  review  of  some  of  the  detailed  findings  presented  at  the  Amsterdam 
Symposium  seems  appropriate  and  it  therefore  follows. 

Huschek  (22)  reported  the  relationship  shown  in  Figures  (72a)  and 
(72b)  for  hydroplaning  speeds  for  surfaces  A  and  B  and  water  depths  of 
0.5,  2  and  greater  than  5  mm  with  a  minimum  tread  depth  of  7  mm.  The  ad- 
vantage of  the  large  scale  roughness  (macrotexture)  is  evident.  The  macro- 
texture  of  0.3  mm  and  0.7  mm  for  surfaces  A  and  B,  respectively,  do  not  com- 
pare with  current  recommendations  in  the  United  States;  however,  the  7  mm 
tread  depth  is  roughly  four  times  the  generally  accepted  U.S.  minimum  of 
1.6  mm . 

Furthermore,  Huschek  compared  a  porous  pavement  surface,  C,  in  Figure 
73  with  surfaces  A  and  B  above  with  locked-wheel  force  coefficient  fre- 
quency distribution  of  some  220  road  surfaces  in  Switzerland.  The  format 
is  fairly  typical  of  similar  measurements  made  in  Texas;  however,  the  fifty 
percent  line  at  40  mph  (64  km/h)  is  considerably  higher,  0.47  for  Switzer- 
land vs  about  0.40  for  Texas.  In  summary  Huschek  concluded  that: 

"...Porous  asphalt  may  be  considered  as  a  surfacing  with 
a  high  degree  of  macrotexture.  An  additional  advantage 
is  that  evacuation  of  water  through  the  layer  is  possible. 
Porous  asphalt  is  undoubtedly  a  quite  ideal  solution  as 
far  as  skid  resistance  on  wet  surface  at  high  speed  is 
considered.  On  the  other  hand  important  requirements  such 
as  durability  at  low  temperature,  wear  and  stability  at  high 
temperature  may  cause  problems." 

The  Swiss  recommendations  for  classifications  of  road  surfaces  by  tex- 
ture depths  (sand  patch  method)  are  presented  in  Table  14. 

Based  on  previous  and  current  recommendations  of  the  authors  of  this 
report  these  values  are  low*  Indeed,  the  "very   coarse"  classification 
"suitable  for  special  conditions  only"  corresponds  to  previous  values  out- 
lined in  the  Phase  I  report  for  high-speed  ri'ral  highways. 

Careful  laboratory  tests  by  Welleman  (23_)  indicated  that  only  about  70 
percent  of  the  measured  voids  in  porous  paving  mixtures  made  in  his  labora- 
tory were  permeable  to  water.  This  is  shown  more  clearly  in  Figure  74. 
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Figure  72a.  Summation  curve  of  the  texture  depth 
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Figure  72b.  Coefficient  of  friction  in  relation  to 
speed  for  different  water  depths 
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Figure  73.  Frequency  distribution  of  locked-wheel 
braking-force  coefficients  of  200±  road  surfacing 


Table  14.  Swiss  classification  of  road  surfaces 


Sand-Patch 
Depth  (mm) 

Classification 

<0.2 

Very  fine 

To  be  avoided  every   where 

0.2  -  0.4 

Fine 

Surfacings  to  be  limited  to  urban  areas 
(speed  limit  80  km/h) 

0.4  -  0.6 

Medium 

0.4  is  necessary  for  all  roads  with  no 
limitation  of  speed 

0.6  -  1.0 

Coarse 

Suitable  for  highways  with  traffic  at 
very   high  speeds 

>1.0 

Very   coarse 

Suitable  for  special  conditions  only 

(After  Huschek  (22)) 
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Figure  74.  Percentage  d raining  as  a  function  of  crossfall 
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(After  Welleman  (23)) 
Rainfall  and  discharge  as  function  of  time 
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Welleman  further  postulated  that  the  remaining  permeable  voids  would  be 
further  reduced  by  traffic  compaction  and  infiltration  of  debris  --  and 
to  this  should  be  added  aggregate  breakdown  and  the  effects  of  thermal 
cycling.  In  Holland  where  the  porous  surface  was  extended  from  the 
travelled  roadway  across  the  shoulder,  certain  areas  of  the  shoulder 
were  completely  filled  with  debris  thus  reducing  the  total  effective- 
ness of  the  porous  surface  subject  to  traffic. 

Welleman,  from  a  study  of  the  weather  in  Holland,  concluded  that  for 
40  mm  thick  porous  pavements  with  12  to  13  percent  permeable  voids,  5  mm 
of  rainfall  can  be  stored  in  the  mat.  If  this  fact  is  combined  with  dis- 
charge rates  shown  in  Figure  75  ,  it  may  be  deduced  that  splash  and  spray 
would  be  a  problem  only  about  15  percent  of  the  time  during  which  rain- 
fall occurs. 

Wellemen  also  cited  the  advantage  of  using  porous  pavement  surfaces 
as  transitions  to  horizontal  curves,  and  his  photograph  shown  in  Figure 
76  clearly  shows  the  long  flow  lines  and  flat  area  at  the  entry  to  such 
curves.  He  makes  no  mention  of  substrate  cross  slope  for  water  removal, 
and  he  further  emphasizes  that  controlled  macrotexture  be  regarded  as  the 
most  important  favorable  property  of  highly  pervious  asphaltic  concrete. 

Szatkowski  and  Brown  (24.)  drew  the  following  general  conclusions 
regarding  pervious  surfacing  used  on  British  roads. 

"(a)  The  20  mm  nominal  size  pervious  macadam  has  a  longer 
effective  life  under  heavy  traffic  than  the  10  mm 
friction  course. 

"(b)  Useful  spray  reduction  can  be  achieved  under  the 
heaviest  motorway  traffic  (over  7000  commercial 
vehicles  in  nearside  lane  per  day)  for  at  least  3 
years  and  under  medium  traffic  (2500  CV/lane/day) 
for  about  6  years. 

"(c)  Bitumen  of  lower  viscosity  than  100  pen  should  not 
be  used  as  otherwise  the  spray-reducing  life  is 
shortened  due  to  early  compaction. 

"(d)  There  is  evidence  that  the  type  of  bitumen  may  be 
important.  The  use  of  those  bitumens  which  show 
a  higher  miscibility  with  oil  is  liable  to  lead  to 
early  compaction  and  should  therefore  be  avoided." 

Szatkowski  and  Brown  rated  chip  seals,  pervious  macadam  (open-graded 
friction  courses)  and  rolled  asphalt  (dense-graded  asphalt  concrete)  for 
their  various  merits  and  clearly  placed  pervious  macadam  surface  first 
choice  for  friction,  low  noise  and  low  spray  at  a  cost  of  half  that  for 
rolled  asphalt  based  on  area  covered.  Noise  values  on  pervious  macadam 
were  6-8  dBA  below  the  corresponding  values  for  rolled  asphalt. 

Hutson  (  25)  reported  on  the  highly  successful  use  of  open-graded 
macadam  for  British  airfield  surfaces,  the  material  for  such  surfaces  being 
reported  superior  in  performance  to  other  common  treatments  including 
grooving  and  milling.  The  material  as  specified  by  the  Air  Ministry  is 
described  in  the  following  quotation  from  Hutson 's  paper. 
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(After  Welleman  (23)) 
Figure  76.  Lines  of  flow  at  a  transition  curve 
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"The  aggregates  shall  be  crushed  rock  of  the  following 
groups  as  classified  in  BS*812:  Granite,  Basalt,  Gab- 
bro,  Hornfels  or  Porphyry.  When  tested  in  accordance 
with  BS  812  its  flakiness  index  shall  not  exceed  25 
percent,  crushing  value  16  percent  and  water  absorption 
1.5  percent.  It  shall  also  be  subjected  to  test  for 
soundness  and  stripping  of  binder.  The  grading  of  the 
aggregates  shall  be  in  accordance  with  the  following 
table: 

BS  410  Sieve  mm Percentage  by  Weight  Passing 

100 

100  +  0 

-  10 

48  ±  8 

25  ±  3 

4  +  1 

"Of  the  percentage  of  fines  passing  the  75  micron  sieve  1.5 
percent  of  the  combined  aggregate  filler  specified  shall  be 
hydrated  lime.  Should  additional  material  of  this  grading 
be  required  it  shall  be  supplied  as  crushed  limestone. 

"A  200  grade  petroleum  bitumen  is  used  and  the  minimum 
binder  content  is  laid  down  as  5  percent  by  weight.  Mixing 
should  take  not  less  than  1  1/2  minutes  at  a  temperature  in 
the  region  of  100°C. 

"The  minimum  thickness  of  the  course  at  any  point  shall 
not  be  less  than  20  mm  after  compaction  and  to  achieve  this 
minimum  figure  the  material  immediately  prior  to  rolling 
should  be  spread  to  a  thickness  of  about  27.5  mm.  Rolling 
shall  start  at  not  less  than  70°C  and  the  carpet  shall  be 
rolled  to  refusal  by  2  smooth  wheeled  rollers  of  6  to  10  tons 
in  weight  at  least  one  of  which  shall  be  of  the  three-wheeled 
type." 

The  required  use  of  hydrated  lime  and  crushed  limestone  filler  is  in 
line  with  recommendations  of  the  authors  of  this  report.  When  hydrated 
lime  is  brought  into  intimate  contact  with  wet  aggregate  prior  to  paving 
mixture  production  it  acts  as  an  antistrip  device  as  well  as  filler.  Fur- 
thermore, and  in  this  vein,  Plancher>et  al .  (26.)  reports  the  beneficial 
effects  of  hydrated  lime  in  asphalt  cement  indicating  that  lime  reacts  with 
the  carboxylic  acids  2-quinoline  types  of  asphalt  to  neutralize  these  acids 
and  eliminate  their  interference  with  the  aggregate-to-asphalt  bond. 
Liddle,  et  al .  (27.)  and  Plancher,  et  al .  (28)  reported  further  on  the  use 
of  hydrated  lime  for  reducing  the  hardening  rate  of  asphalt.  The  use  of 
hydrated  lime  as  an  effective  antistrip  device  is  practiced  by  several  con- 
tractors in  Texas.  The  claimed  additional  benefit  of  reduced  asphalt 
hardening  has  not  been  studied  in  Texas. 

*  British  Standard 
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Gall  away  and  Epps  (29)  made  reference  to  problems  associated  with 
design,  construction  and  performance  of  open-graded  bituminous  surfaces. 
Among  other  things  these  writers  warned  that  "Open-graded  mixtures,  however 
placed,  must  never  be  considered  to  form  a  waterproof  cover  on  a  pavement 
being  modified  by  their  use.  To  the  contrary,  they  invite  the  intrusion 
of  water."  This  statement  is  independent  of  the  thickness  of  the  open- 
graded  layer.  The  design  engineer  should  take  this  observation  into  ac- 
count in  maintenance  planning. 

Gall  away  and  Epps  also  reported  on  laboratory  freeze-thaw  tests  on 
21  different  designs  which  utilized  11  different  aggregates.  Asphalt  con- 
tent as  a  variable  was  also  included.  The  specimens  used  were  cores  taken 
from  various  in-service  pavements,  and  the  samples  were  fixed  in  jigs  fitted 
into  a  rapid  freeze-thaw  cabinet  meeting  the  general  requirements  of  ASTM 
C-666-77.  Special  holders  were  designed  to  support  the  cores  in  the 
cabinet,  and  replicate  tests  were  performed  freezing  first  from  the  bottom 
and  then  from  the  top  of  the  cores.   The  general  conclusion  from  these 
tests  is  that  no  significant  damage  resulted  from  up  to  100  rapid  freeze- 
thaw  cycles  in  any  of  the  samples  tested  except  for  one  set  of  specimens 
which  utilized  limestone  as  the  major  aggregate.  High  water  absorption  was 
probably  a  causative  factor. 

These  authors  also  reported  on  water  outflow  or  permeability  measure- 
ments made  on  in-service  porous  surfaces.  The  data  are  shown  in  Figures 
77  and  78  which  show  SN.Q  vs  traffic  for  these  surfaces.  Most  of  these 
surfaces  are  still  in  service  with  some  having  accumulated  more  than  40 
million  vehicle  repetitions.  Current  outflow  values  are  at  the  four  to 
five  million  vehicle  level  shown.  An  explanation  for  early  closing  of  these 
surfaces  is  the  limited  thickness.  It  should  be  noted  that  most  of  these 
mixture  designs  contained  little  or  no  fines  and  therefore  did  not  conform 
to  recommended  FHWA  mixture  design.  In  general  these  surfaces  were  3/4  in 
(19  mm)  in  thickness  or  less  initially  and  were  ultimately  reduced  to  about 
1/2  in  (13  mm)  in  thickness.  True  internal  drainage  is  minimal  today  some 
four  to  six  years  after  construction. 

Smith  (30)  investigated,  among  other  items,  the  rate  of  hardening  of 
asphalt  in  asphalt  concrete  mixtures  and  concluded  that  within  the  normal 
range  of  voids  for  this  type  of  mixture  design  that  air  void  content 
permeability  had  a  minimal  effect  on  binder  hardening  rate.  However,  Smith's 
data  appear  to  show  that  limestone  filler  reduced  the  rate  of  hardening  (see 
Figure  79).  These  data  are  from  a  segment  of  the  Blair  County  (Pennsyl- 
vania) experimental  pavements  utilizing  slag,  wyant  conglomerate  and  lime- 
stone filler.  This  observation  is  mentioned  here  because  open-graded  fric- 
tion courses  require  nominal  amounts  of  filler.  Further,  the  European 
practice  favor  hydrated  lime  and  limestone  dust,  and,  as  mentioned  previous- 
ly, Texas'  experience  with  hydrated  lime  is  promising. 

Smith  also  looked  at  inundation  times  for  open-graded  friction  courses 
for  various  rainfall  intensities.  His  reported  theoretical  drainage  capaci- 
ties are  roughly  an  order  of  magnitude  higher  than  those  measured  and  ob- 
served by  the  Texas  Transportation  Institute. 

White  (31)  looked  at  the  performance  of  porous  friction  courses  on 
airfieldsacross  the  entire  United  States.  The  concluding  remarks  presented, 
as  they  may  apply  to  highway  pavements,  are 
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a)  Porous  surfaces  should  be  used  only  on  structurally  sound 
substrates. 

b)  The  FHWA  (32  )  mixture  design  procedure  utilizing  the  relation- 
ship 2K  +  4  to  estimate  bitumen  content  can  be  used  with  con- 
fidence'? 

c)  Consideration  must  be  given  to  the  temperature-viscosity 
relationship  to  optimize  mixing  and  construction  tempera- 
tures. 

d)  To  verify  bitumen  drainage  characteristics  conduct  a  two-hour 
conditioning  time  at  a  temperature  giving  a  viscosity  of  275 
centistokes  (275  yrn^/s).  Drain  down  should  not  be  excessive. 

Nystrup  (  33  )  of  Denmark  reported  that  open-graded  surfaces  placed  in 
medium  heavy  service  lost  their  permeability  rather  quickly;  however,  these 
surfaces  continued  to  give  good  drainage  on  the  top  in  connected  surface 
channels  giving  reasonably  high  friction  values  even  in  heavier  rainfall. 
After  two  years  of  service  the  Denmark  surfaces  produced  less  splash  and 
spray  and  lower  levels  of  night  glitter  than  dense  surfaces  under  the  same 
wet-weather  conditions. 

Nystrup1 s  data  on  permeability  measured  on  field  cores  showed  large 
standard  deviations,  and  this  was  attributed  to  binder  run  down  due  to  inade- 
quate temperature  control  during  construction.  Similar  observations  have 
been  made  in  the  United  States.  The  Federal  Highway  Administration  has  con- 
sistently recommended  the  use  of  some  intermediate  sized  aggregate  with 
fixed  amounts  of  minus  No.  200  mesh  material,  and  the  Federal  Aviation  Ad- 
ministration grading  requirements  include  3  to  5  percent  passing  the  No. 
200  sieve. 

The  controlled  use  of  adequate  filler  broadens  the  range  of  construction 
temperature  and  thus  reduces  the  problem  of  binder  run-down. 

Gerardu  (34  )  reported  on  the  comparative  skid  resistance  of  different 
types  of  road  surfaces  in  the  Netherlands,  and  these  are  summarized  in  Figure 
80.  .  These  are  locked  wheel  values  made  with  a  smooth  tire  and  at  a  water 
depth  of  1  mm.  Based  on  Dutch  findings  reported  at  the  International  Sympo- 
sium on  Porous  Pavements,  porous  surfaces  would  be  ranked  above  surface  5 
(see  Figure  80  ),  open-textured  asphalt  concrete.  Such  surfaces  would  be  less 
speed  sensitive  under  wet  conditions  by  a  factor  of  about  4  as  determined  by 
the  equation: 

Relative  decrease  (RD)  of  the  coefficient  of  friction 

RD  =  (f  5V5o  7°)(100%) 

where  f  50  =  friction  at  50  km/h 

f  70  =  friction  at  70  km/h 

Hatherly  and  Lamb  (35)  pointed  out  the  problems  of  silting  of  open-graded 
surfaces  on  curbed  streets  in  urban  areas  particularly  where  the  longitudinal 
grade  was  limited.  These  authors  also  reported  on  the  use  of  additives  to 
porous  surfaces.  Included  were  natural  rubber,  polyethylene  powder  and  special 
asphalts  with  high  penetration  indices.  As  thin  overlay  surfaces  none  of  these 
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changes  in  selected  and  modified  binder  types  was  effective;  however,  epoxy- 
bitumen  binders  of  high  bond  strength  were  quite  cost  effective. 

Beaton  (_36  )  reporting  at  The  Second  International  Conference  on  Skid 
Resistance  had  the  following  statements  to  make,  which  statements  have  a 
direct  bearing  on  the  problem  of  wet-weather  accident  reduction. 

"The  paving  engineer  has  the  responsibility  to 
provide  adequate  tire-pavement  friction  for  contemplated 
operating  conditions  and  for  a  satisfactory  period  of 
service.  At  the  present  time  he  does  not  have  the 
required  tools  to  fulfill  these  requirements  with  the 
necessary  degree  of  confidence,  especially  when  one 
considers  the  economic  aspects  of  pavement  design 
and  construction.  The  following  areas  are  recommended 
for  high  priority  attention  by  researchers  and 
paving  engineers.  A  most  important  objective  for 
the  future  is  the  development  of  laboratory  methods, 
properly  correlated  with  field  studies,  that  will 
provide  test  specimens  which  represent  all  forms  of 
pavement  surfaces,  a  wear  and  polish  system  that 
simulates  the  action  of  traffic  and,  finally,  methods 
of  friction  measurement  that  will  recognize  micro  and 
macrotexture  effects  through  the  operating  range  of 
vehicle  speeds.  The  accomplishment  of  these  tasks 
is  far  from  complete.  Their  importance  cannot  be 
overstressed  since  an  increasing  amount  of  effort  is 
being  extended  on  determining  minimum  standards  for 
skid  resistance.  Once  such  standards  are  adopted, 
the  designer  must  have  the  tools  to  design  a  surface 
to  meet  the  standards. 

"Another  immediate  need  is  for  intensive  study  of 
construction  practices  for  both  asphalt  and  portland 
cement  concrete.  Design  of  equipment  to  produce  an 
adequate  surface  texture  for  portland  cement  concrete 
pavement  is  needed.  Such  a  surface  to  provide  the 
desired  initial  requirements  for  micro  and  macro- 
texture  and  prevent  such  values  from  falling  below  a 
minimum  value  during  the  assumed  service  life. 

"Studies  should  also  be  initiated  on  construction 
control  parameters  that  influence  the  uniformity  of 
pavement  friction  values  and  surface  undulations  (this 
latter  is  of  special  importance  to  runways)." 

Smith  (37)  in  assessing  the  need  for  a  basic  approach  to  improved 
tire-pavement  interaction  stated  that: 

"...A  reasonable  approach  to  development  of  pave- 
ment skid-resistance  requirements  may  be  the  determi- 
nation of  requirements  for  groupings  of  roadway  site 
types  such  as  a)  level  and  nearly  level  tangents,  b) 
steep  grades,  c)  long-radius  curves,  d)  short-radius 
curves,  e)  intersections,  and  f)  special  situations. 
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It  should  also  be  recognized  that  skid  resistance 
is  not  the  only  factor  that  influences  the  safety 
or  the  hazard  potential  of  a  site.  Traffic  volume 
and  speed  plus  the  prospect  for  wet-pavement  condi- 
tions all  should  be  considered  when  determining 
surface  characteristics  for  safe  operation." 

Good  engineering  judgment  and  economic  limitations  will  continue  to 
rule  favorably  in  the  direction  that  Smith  has  outlined  above.  Smith 
stated  further  in  his  summary  that: 

"There  is  increasing  recognition  of  the  importance 
of  the  macrotexture  and  surface  drainage  of  pavements 
to  reduce  the  effects  of  hydroplaning  during  wet 
weather.  Use  of  adequate  cross  slope,  particularly  on 
long-radius  curves,  open-graded  asphaltic  concrete 
surfaces,  and  grooved  or  tined  port! and  cement  concrete 
surfaces  should  result  in  reductions  in  wet-weather 
accidents  on  highways." 

Gramling  {38)   in  summarizing  his  view  on  the  development  and  implemen- 
tation of  a  program  to  reduce  skid  accidents  states: 

"...Attainment  of  the  objective  to  provide  safe  skid 
resistant  pavements  adequate  to  meet  the  needs  of  the 
motoring  public  requires  a  systematic  approach.  The 
elements  of  the  system  should  include  the  ability  to 
reliably  determine  skid  resistance  values  with  dependable 
test  equipment,  methods  of  locating  and  surveying  pavement 
surfaces,  and  a  means  of  rating  pavement  performance. 
Finally,  specifications  should  provide  for  economic, 
predictable,  and  adequate  friction  properties  through  the 
anticipated  life  of  new  surfaces  or  for  surfaces  placed  as 
a  corrective  action." 

Hatherly  and  Young  (39)  presented  findings  on  the  location  and  treat- 
ment of  urban  skidding  hazard  sites  and  in  general  concluded  that: 

"1.  In  Great  Britain  about  70  percent  of  all  road  accidents 
occur  in  urban  areas. 

"2.  In  London,  about  70  percent  of  all  accidents  occur  on 
road  junctions  on  about  10  percent  of  the  total  road 
network.  Nationally  about  half  of  all  road  accidents 
occur  on  urban  junctions. 

"3.  The  skid  resistance  of  asphalt  roads  can  be  predicted 
from  a  knowledge  of  the  stone  used  in  the  surfacing,  the 
traffic  intensity,  and  whether  or  not  the  traffic  is 
maneuvering  (braking,  turning  or  accelerating). 

"4.  Although  the  existing  tentative  minimum  standards  of 
skid  resistance  for  city  junctions  are  suspect,  route 
measurements  of  skid  resistance  and  accident  data  may 
be  used  to  indicate  junctions  where  a  skid  resistance 
improvement  can  be  expected  to  reduce  accidents. 
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"5.  Over  800  junctions  and  other  hazard  areas  such  as  the 
approaches  to  pedestrian  crossings  in  London  have 
been  treated  with  epoxy  resin/calcined  bauxite  which 
has  reduced  accidents  by  31  percent  or  about  £2,500* 
per  annum,  at  the  treated  sites. 

"6.  The  economics  of  this  form  of  treatment  are  shown  to  be 
exceptionally  favourable  and  an  expenditure  of  £3m 
over  a  10  year  period  is  estimated  to  produce  a  saving 
in  accident  costs  of  at  least  £24mat  1970  values. 

"7.  The  localized  treatment  of  city  road  junctions  could 
well  be  a  successful  method  of  accident  reduction  in 
many  major  cities. " 

It  is  doubtful  that  similar  data  gathered  in  major  urban  areas  of  the 
United  States  would  indicate  appreciably  different  accident  rates  and/or 
potential  savings  by  the  application  of  effective  remedial  measures. 

In  a  recent  report  by  Hal  stead  (40  )  a  number  of  points  dealing  with 
fundamental  consideration  and  research  needs  were  raised  including: 

1.  The  role  of  0GFC  in  minimizing  hydroplaning  danger 
during  heavy  rains, 

2.  Optimum  gradation  of  0GFC  for  skid  prevention, 

3.  Optimum  asphalt  content  and  grade  for  maximum  durability, 

4.  Effect  of  06FC  on  winter  maintenance  techniques  and 

5.  Noise  levels  for  OGFC. 

The  first  of  these  items  has  been  discussed  at  length.  No  further  com- 
ment will  be  made.  The  second  item  dealing  with  aggregate  grading  is  criti- 
cally important  srnce  size  and  size  distribution,  although  of  primary  impor- 
tance, are  not  sufficient  in  themselves  to  fix  the  effect  of  grading.  Par- 
ticle shape  and  surface  texture  as  well  as  hardness  and  toughness  are  critical 
factors.  Such  properties  as  water  susceptibility, adsorption  and  absorption 
may  well  be  the  difference  between  success  and  failure  of  a  given  surface. 
Certain  types  of  sil  iceous aggregates  may,  for  example,  require  pretreatment 
with  hydrated  lime  or  possibly  portland  cement  to  minimize  stripping. 

The  grade  of  asphalt  cement  that  may  be  successfully  used  depends 
heavily  on  mixing  and  laying  temperatures  and  the  type  and  amount  of  filler 
and/or  additive  (such  as  rubber  or  carbon  black)  that  may  be  included  in  the 
design.  For  those  who  are  new  users  of  this  friction  improvement  system  an 
AC-20  or  equal  is  suggested  as  a  starting  point.  With  experience  and  select 
types  and  gradations  of  aggregates  the  use  of  a  softer  or  harder  asphalt 
cement  might  be  advisable. 

Maintenance  of  OGFC  is  difficult  any  time  since  the  use  of  standard 
patching  materials  creates  an  undesirable  difference  in  permeability  of 
the  overall  surface.  Current  experiments  in  Texas  indicate  that  delaminated 
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areas  may  be  successfully  repaired  by  a  formed- in-pl ace  open-graded  patch. 
The  technique  involves  filling  the  area  with  selected  uniform  graded  ag- 
gregate, bring  this  to  line  and  grade  and  then  spraying  the  area  with  a 
rapid  setting  emulsion.  The  voids  are  filled  about  three-fourths  full  of 
emulsion.  After  the  emulsion  breaks  the  surface  may  be  released  to  traf- 
fic. 

Field  Experiments  by  TTI 

In  the  total  array  of  pavement  construction  and  maintenance  techniques 
there  exists  a  limited  number  of  economically  practical  measures  that  may 
be  taken  to  assure  long  lasting  high  performance  surfaces  for  medium-to- 
heavy  traffic. 

Efforts  to  develop  new  techniques  to  be  used  as  partial  or  complete 
solutions  to  the  problem  have  been  reasonably  successful.  Among  the 
several  methods  now  in  use,  open-graded  friction  courses  (OGFC)  offer  con- 
siderable promise. 

Since  the  introduction  of  OGFC  in  the  United  States  several  years  ago, 
a  large  number  of  states  has  developed  mixture  designs  suited  to  their 
individual  materials,  traffic  and  environment.  This  has  resulted  in  some 
cross  pollenization,  some  of  which  has  resulted  in  improved  performance 
and  some  of  which  has  caused  unanticipated  problems. 

Theoretical  mixture  designs  have  been  developed  to  allow  control  of 
air  voids  which  in  turn  control  to  a  reasonable  degree  the  permeability  of 
the  in-place  surface  layer.  However,  the  variables  encountered  have,  in 
many  instances,  raised  questions  about  the  total  drainage  capability  of 
OGFC,  particularly  under  medium-to-heavy  traffic. 

Generally  speaking,  after  about  one  to  three  million  vehicle  passages 
(applied  at  a  rate  of  one  million  passages  per  year  or  greater)  current 
applications  of  OGFC  stabilize  with  respect  to  splash  and  spray,  drainage 
and  SN-0.  This  assumes  that  the  thickness  of  the  layer  placed  is  in  the 
approximate  range  of  20  to  30  mm  and  the  aggregate  is  nonpolishing. 

Field  measurements  made  in  Texas  indicate  that  OGFC  offer  a  positive 
means  to  control  macrotexture  at  a  generally  higher  level  than  current 
dense-graded  asphalt  concrete  designs  permit.  This  controlled  greater 
macrotexture  allows  better  drainage  at  the  tire-pavement  interface,  irres- 
pective of  any  internal  drainage.  Internal  drainage  in  the  dynamic  sense 
is  appreciably  reduced  after  the  surface  layer  stabilizes. 

An  extensive  testing  program  was  therefore  initiated  to  assist  in  the 
classification  of  the  performance  of  OGFC.  The  test  plans  for  the  various 
experiments  carried  out  on  different  pavement  sections  are  shown  below. 

Plan  No.  1: 


4  -  Pavements  (Section  1,  >25  percent  voids;  Section  2,  25  percent  voids; 

Section  3,  20  percent  voids;  and  Section  4,  15  percent 
voids. ) 

2  -  Rainfall  Rates  1/2  and  2  in/h  (13  and  51  mm/h) 
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4  -  Tires  -  ASTM  E501  (Full  tread  depth) 

Steel  Belted  Radial  (2/32  in)  (1.6  mm) 

Bias  Ply  (2/32  in)  (1.6  mm) 

Glass-Belted  Wide  Tire  (2/32  in)  (1.6  mm) 

2  -  Tire  Pressures  -  18  psi  and  24  psi  (124  and  165  kPa) 

ASTM  E501 

Steel  Belted  Radial 

Bias  Ply 

Recommended  and  75  percent  of  recommended 

Glass  Belted  Wide  Tire 

1  -  Lane  -  Outside  Wheel  Path  -  Outside  Lane 

1  -  Wheel  load  of  1085  lbs  (4830N) 

3  -  Speeds  of  30,  40  and  55  mph  (48,  .64  and  88  km/h) 

5  -  Runs  per  combination  of  conditions  for  repeatability 
Total  number  of  runs  this  plan      =4x2x4x2x3x5=  960 

Plan  No.  2: 

Same  as  Plan  No.  1  as  related  to  Rainfall  Rates,  Tire,  Tire  Pressures, 
Loads,  Speeds  and  Number  of  Runs  for  Repeatability. 

In  this  plan,  on  pavement  Section  No.  2  (25  percent  voids),  the  program 
will  be  run  in  the  outside  wheel  path  of  the  inside  lane. 

Plan  No.  3: 


Same  as  Plan  No.  1  as  related  to  Rainfall  Rates,  Tires,  Tire  Pressures, 
Load,  Speeds  and-Number  of  Runs  for  Repeatability. 

In  this  plan,  on  pavement  Section  No.  2  (25  percent  voids)  the  program 
will  be  run  in  the  outside  wheel  path  of  the  outside  lane. 

Also  an  impermeable  shoulder  will  be  created  by  sealing  the  outside 
edge  of  the  surface  to  prevent  the  water  from  draining  out. 

The  test  sequence  used  in  carrying  our  these  plans  was  as  follows: 

Master  Plan 
Test  Sequence 
Highway  21  Phase 

SECTION  NO.  1  -       Outside  Lane  -  Outside  Wheel  Path 

Test  Plan  No.  1 
SECTION  NO.  2  -       Outside  Lane  -  Outside  Wheel  Path 

Test  Plan  No.  3 

Outside  Edge  of  Surface  sealed  to 
Simulate  Impermeable  Shoulder 
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SECTION  NO.  2  -      Outside  Lane  -  Outside  Wheel  Path 

Test  Plan  No.  2 
SECTION  NO.  3  -      Outside  Lane  -  Outside  Wheel  Path 

Test  Plan  No.  1 

A  schematic  of  the  layout  of  the  four  subsections  of  OGFC  is  shown 
in  Figure  81.  Each  section  is  two  lanes  wide  and  about  500  ft  (152  m) 
long  and  all  sections  are  cross  sloped  at  1  percent  toward  the  paved 
shoulder  (see  Figure  82).  When  constructed  the  voids  in  the  four  sections 
varied  from  more  than  25  percent  in  Section  1  to  about  15  percent  in 
Section  4.  Mat  thickness  was  controlled  at  1  in  (25  mm)  (see  Figure  83). 

Water  on  these  sections  was  supplied  by  use  of  a  rain  simulator  shown 
in  Figure  84.  Details  of  this  apparatus  have  been  reported  previously  (9.) 
and  will  therefore  not  be  repeated  here. 

In  the  operation  of  the  rain  simulator  the  correct  rainfall  intensity 
was  controlled  by  pump  discharge  pressure  and  carefully  monitored  by  actual 
"rainfall"  measurements  made  under  the  simulator.  Twin  tankers  are  shown 
in  Figure  85. 

Since  the  depth  of  water  on  the  test  surface  was  a  critical  parameter, 
this  was  measured  at  designated  points  on  the  pavement  with  a  point  gage  as 
reported  (  9_)  and  shown  in  Figure  86.  After  the  rain  simulator  was  put  in- 
to operation  and  the  pump  discharge  pressure  had  stabilized,  water  depth 
measurements  were  taken  in  the  lane  to  be  tested  at  five  minute  intervals 
until  the  water  depth  became  stable.  When  water  depth  stability  was  attained, 
testing  began.  The  rainfall  intensities  investigated  were  0.2  to  2  in/h 
(5.1  to  50.8  mm/h).  Tests  are  underway  in  a  2  in/h  (50.8  mm/h)  rainfall  in 
Figure  87. 

Tire-Pavement  Interaction  on  OGFC 

Results  of  about  4000  tire-pavement  interaction  tests  on  the  four  pave- 
ment sections  are  presented  in  the  following  31  graphs.  For  convenience  of 
discussion  these  graphs  have  been  grouped  as  follows: 

Group  A 

Skid  number  vs  speed  ASTM  E274  standard  test  method  with  ASTM  E501 
tire  with  11/32  in  (8.7  mm)  tread  depth  --  all  test  sections. 

Group  B 

Skid  number  vs  water  depth  for  ASTM  E501  tire  with  11/32  in  (8.7  mm) 
tread  depth  --  all  test  sections. 

Group  C 

Skid  number  vs  water  depth  for  steel  belted  radial  (SBR)  with  2/32  in 
(1.6  mm)  tread  depth  --  all  test  sections. 

Group  D 

Skid  number  vs  water  depth  for  glass  belted,  bias  ply  tire  (F-78-14) 
with  2/32  in  (1.6  mm)  tread  depth  --  all  test  sections. 
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Figure  81    .     Test  layout  and   rain  gage  locations  -  SH-21 


122 


.^(f^"^^y 


123 


124 


3 


125 


Group  E 

Skid  number  vs  water  depth  for  glass-belted  bias-ply  wide-oval  tire 
(G-60-14)  with  2/32  in  (1.6  mm)  tread  depth  --  all  sections. 

Group  F 

Skid  number  vs  water  depth  for  ASTM  E501  with  11/32  in  (8.7  mm) 
tread  SBR*  with  2/32  in  (1.6  mm)  tread,  F-78-14  with  2/32  in 
(1.6  mm)  tread  and  G-60-14  with  2/32  in  (1.6  mm)  tread.  Section 
2  with  a  simulated  sealed  shoulder. 

Group  G 

Skid  number  vs  water  depth  for  glass-belted  bias-ply  F-78-14  and 

steel-belted  radial  FR-78-14  both  at  24  psi  (165  kPa)  inflation 

pressure  and  5/32  and  11/32  in  (4.0  and  8.7  mm)  tread  depth  --  Section 
only. 

Group  H 

Skid  number  vs  water  depth  for  glass-belted  bias-ply  (F-78-14) 
2/32  in  (1.6  mm)  tread  depth  --  Section  2  only  with  sealed  and  un- 
sealed shoulder  and  at  various  positions  from  the  outside  edge  of 
the  pavement. 

Group  I 

Skid  number  vs  speed  for 

1)  ASTM  E501  11/32  in  (8.7  mm)  tread  depth  24  psi  (165  kPa) 
and  0.5  in/h  (12.7  mm/h)  simulated  rainfall  --  all  test 
sections. 

2)  ASTM  E501  11/32  in  (8.7  mm)  tread  depth  24  psi  (165  kPa) 
and  2.0  in/h  (51  mm/h)  simulated  rainfall  --  all  test 
sections. 

3)  Average  of  SBR*  F-78-14,  G-60-14  all  at  24  psi  (165  kPa) 
2/32  in  (1.6  mm)  tread  with  0.5  in/h  (12.7  mm/h)  simulated 
rainfall  --  all  sections. 

4)  Average  of  SBR  F-78-14,  G-60-14  all  at  24  psi  (165  kPa) 
and  2/32  in  (1.6  mm)  tread  with  2.0  in/h  (51  mm/h) 
simulated  rainfall  --  all  sections. 

Discussion  of  Performance  of  Open  Mixes  in  Simulated  Rain 

Group  A  -  The  equipment  and  test  procedures  utilized  to  obtain  those 
data  presented  in  Figure  88  comply  with  ASTM  Designation  E274.  These 
tests  were  conducted  approximately  midway  in  the  overall  test  program,  and 
check  tests  were  made  at  the  end  of  the  simulated  rain  studies  to  determine 
whether  or  not  significant  changes  as  measured  by  ASTM  E274  procedure  had 
occurred.  These  check  tests  revealed  no  significant  change  in  measurements 
obtained. 

It  is  apparent  from  Figure  88  that  all  four  surfaces  have  high  skid 
numbers  and  are  not  very   sensitive  to  speed. 


*SBR  -  steel  belted  radial     10C 
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In  a  study  of  the  many  graphs  that  follow,  the  reader  will  want  to 
refer  back  to  Figure  88  for  comparison  purposes. 

Group  B  -  Test  Sections  1,  2,  3  and  4  were  evaluated  at  30,  40  and 
55  mph  (48,  64  and  88  km/h)  using  the  ASTM  E501  tire  with  11/32  in  (8.7  mm) 
tread  in  simulated  rain.  Rainfall  rates  were  adjusted  to  produce  water 
depths  in  the  outside  wheel  path  of  the  outside  lane  in  the  range  of  about 
0.06  in  (1.5  mm)  above  the  asperity  peaks  to  0.05  in  (1.3  mm)  below  the 
asperity  peaks.  Tests  were  made  at  tire  pressures  of  18  and  24  psi  (124 
and  165  kPa). 

The  results  are  presented  in  Figure  89,  90,  91,  92  and  93.  A 
review  of  these  figures  will  indicate  that  at  speeds  of  30  and  40  mph 
(48  and  64  km/h)  all  sections  performed  essentially  alike.  This,  however, 
is  not  the  case  at  55  mph  (88  km/h).  The  influence  of  voids  becomes  clear- 
ly evident  in  Section  3  in  the  outside  wheel  path  of  both  lanes.  In 
Figure  91  water  was  increased  to  about  0.12  in  (3  mm).  At  55  mph  (88  km/h) 
and  with  a  tire  inflation  pressure  of  18  psi  (124  kPa)  the  skid  number  is 
minimal.  However,  even  at  this  speed,  tire  inflation  pressure  and  water 
depth,  the  full  tread  of  the  tire  and  pavement  macrotexture  coupled  with 
some  internal  pressure  relief,  dynamic  hydroplaning  did  not  occur. 

The  speed  sensitivity  of  pavement  Section  4  (high  percentage  of  minus 
No.  8  material  and  low  voids)  was  not  unexpected.  An  extrapolation  of  the 
55  mph  (88  km/h)  data  to  a  water  depth  of  approximately  0.12  in  (3  mm) 
would  indicate  probable  dynamic  hydroplaning  in  spite  of  the  drainage  fur- 
nished by  the  full  tread. 

Group  C  -  In  this  series  of  tests  a  steel-belted  radial  tire  with  the 
legal  minimum  of  2/32  in  (1.6  mm)  of  tread  was  evaluated  at  speeds  of  30, 
40  and  55  mph  (48,  64  and  88  km/h)  under  simulated  rainfall.  Again,  tire 
inflation  pressures  were  at  two  levels,  namely  18  and  24  psi  (124  and 
165  kPa).  Water  d"epth  values  varied  from  0.07  in  (1.8  mm)  below  the  as- 
perity peaks  to  about  0.12  in  (3  mm)  above  the  asperity  peaks.  Rainfall 
intensities  required  to  create  this  range  of  water  depths  was  about  0.2 
to  2.0  in/h  (5  to  51  mm/h).  Graphs  are  shown  in  Figure  94,  95,  96,  97 
and  98. 

A  study  of  the  composite  trends  shown  in  this  series  of  graphs  reveals 
that,  as  was  generally  true  in  the  Group  B  curves,  at  speeds  of  30  and  40 
mph  (48  and  64  km/h)  skid  numbers  were  in  the  40  to  60  range;  two  exceptions 
being  a  value  of  SN.n  equal  to  35  for  Section  3  outside  wheel  path  of  the 
inside  lane  with  the  tire  pressure  at  18  psi  (124  kPa)  and  Section  4  with 
an  SN^  of  less  than  40  for  a  tire  pressure  of  18  psi  (124  kPa). 

The  picture  for  55  mph  (88  km/h)  is  quite  different,  particularly,  for 
positive  water  depths.  Skid  numbers  at  55  mph  (88  km/h)  are  in  the  15 
range  for  Sections  3  and  4. 

Figure  98  spans  a  rather  restricted  water  depth  range  because  of  ac- 
cident risk  that  was  minimized  by  reduced  water  depths.  Simulated  rainfall 
intensity  was  approximately  0.2  in/h  (5  mm/h). 

Group  D  -  The  Group  D  series  of  tests  was  carried  out  in  simulated  rain 
with  the  intensity  adjusted  to  produce  an  acceptable  range  of  water  depths 
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on  the  pavement  areas  under  test.  The  glass-belted  bias-ply  tire  was  an 

F-78-14  with  a  2/32  in  (1.6  mm)  tread.  Tire  inflation  pressures  used  were 

18  and  24  psi  (124  and  165  kPa).  Skid  numbers  at  30,  40  and  55  mph  (48, 

64  and  88  km/hj  were  measured  as  shown  in  Figure  99,100,101,102,  and 
103. 

A  comparative  analysis  of  the  performance  characteristics  of  the  sur- 
faces as  affected  by  tire  type  may  be  made  by  comparing  the  positions  and 
the  slopes  of  the  curves  in  Groups  C  and  D.  The  rainfall  intensities  and 
associated  water  depths  were  purposely  repeated  in  these  two  series  of 
tests.  Considering  the  fact  that  the  drainage  capability  of  the  surfaces 
decreases  as  the  section  number  increases,  the  reader  may  note  that  the 
rainfall  intensities  utilized  have  caused  a  drift  in  the  two  sets  of 
curves  (Groups  C  and  D),  this  drift  being  from  negative  toward  positive 
water  depths.  It  may  also  be  noted  that  the  Group  D  series  of  curves  has 
shifted  downward  to  generally  lower  skid  numbers.  At  55  mph  (88  km/h) 
and  water  depths  in  the  range  of  0.1  in  (2.5  mm)  the  skid  numbers  of  ap- 
proximately 10  on  Sections  3  and  4  indicate  probable  loss  of  vehicle  con- 
trol due  to  dynamic  hydroplaning  --  this  in  spite  of  good  surface  drainage 
and  some  internal  drainage. 

Group  E  -  The  glass-belted  bias-ply  wide  oval  tire  (G-60-14)  was  used 
in  the  Group  E  series  of  tests.  The  test  variables  were  the  same  as  those 
in  Groups  B,  C  and  D.  Again  the  reader  may  note  friction  deterioration  at 
55  mph  (88  km/h)  as  the  tests  progressed  from  Section  1  to  Section  4.  It 
is  apparent  that  at  water  depths  of  0.05  to  0.10  in  (1.3  to  2.5  mm)  definite 
evidence  of  dynamic  hydroplaning  existed  with  skid  numbers  in  the  7  to  10 
range.  With  the  rather  large  tire  foot  print  presented  by  the  G-60-14  the 
results  are  not  surprising.  One  might  be  considered  remiss  in  these  analy- 
ses, if  the  superior  performance  of  the  G-60-14  at  low  speed  were  not  men- 
tioned. Indeed,  throughout  this  series  of  tests  the  wide  oval  tire  gave 
higher  skid  numbers  at  30  and  40  mph  (48  and  64  km/h)  than  did  the  F-78-14. 
Low-speed  skid  numbers  for  the  SBR  and  the  G-60-14  were  essentially  the 
same.  Data  are  presented  in  Figures  104,  105,  106,  107  and  108. 

Group  F  -  Past  experience  with  pavements  overlaid  with  open-graded 
friction  course  on  travelled  lanes  and  the  shoulder  has  indicated  that  the 
shoulder  area  is  soon  filled  with  debris  thus  reducing  the  permeable  sur- 
face to  a  nonpermeable  one.  In  some  cases  dense  mixture  designs  have  been 
placed  on  the  shoulder  directly  against  an  0GFC  on  the  travelled  lane.  To 
investigate  the  effect  on  skid  performance  of  0GFC  with  abutting  dense  over- 
lays, a  series  of  tests  was  performed  on  Section  2  with  a  water  seal  placed 
at  the  outside  edge  of  the  outside  lane. 

Rainfall  rates  were  adjusted  to  create  both  positive  and  negative  water 
depths.  Four  tires  were  utilized  in  these  tests 

1)  ASTM  E501,  full  tread 

2)  SBR,  minimal  tread 

3)  F-78-14,  minimal  tread 

4)  G-60-14,  minimal  tread 
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All  tires  were  loaded  with  the  standard  1085  lbs  (4826  N)  load  and 
tests  were  performed  at  18  and  24  psi  (124  and  165  kPa)  tire  inflation 
pressure.  Graphical  presentations  are  depicted  in  Figures  109,  110,  111 
and  112. 

A  comparison  of  the  performance  of  Section  2  with  the  shoulder  sealed 
should  be  made,  taking  into  account  the  rainfall  intensity  required  to 
produce  the  water  depths  shown  in  Figure  112.  The  rainfall  intensity  was 
0.46  in/h  (12  mm/h)  for  the  negative  water  depth  of  0.03  in  (0.8  mm)  and 
2.2  in/h  (56  mm/h)  for  the  positive  value  of  0.05  in  (1.3  mm)  for  the 
shoulder  sealed.  Without  the  shoulder  sealed  the  rainfall  intensity  was 
0.59  in/h  (15  mm/h)  for  a  negative  water  depth  of  0.04  in  (1  mm)  and 
1.8  in/h  (46  mm/h)  for  a  positive  depth  of  0.05  in  (1.3  mm).  In  an  analy- 
sis of  these  data  one  should  take  into  account  the  fact  that  data  taken  at, 
say,  40  mph  (64  km/h)  were  gathered  at  different  points  in  real  time  bringing 
wind  direction  and  velocity  into  the  picture.  Consideration  of  the  probable 
effect  of  wind  direction  and  speed  is  offered  as  a  plausible  explanation  for 
contradictions  in  the  data.  Stated  another  way,  tests  were  made  using  a 
selected  tire,  tire  inflation  pressure  and  water  depth  at  three  different 
speeds  and  then,  without  changing  anything  but  the  tire  inflation  pressure, 
the  tests  were  repeated  at  the  three  test  speeds.  This  generated  the  group 
of  points  on,  say,  Figure  111,  at -0.03  in  (-0.8  mm)  water  depth  and  levels 
of  SN  from  about  41  to  61.  Later  that  day  or  even  days  later  the  other 
points  positioned  at  +  0.05  in  (1.3  mm)  water  depth  were  obtained;  hence,  the 
very   likely  possibility  of  differences  in  wind  effects. 

A  general  comparison  of  the  data  on  Section  2  with  and  without  the 
shoulder  sealed  indicates  somewhat  higher  values  of  SN  for  the  sealed  shoul- 
der condition.  One  logical  explanation  for  this  observation  is  that  time  and 
wear  had  their  effect  on  the  measured  SN.  The  test  sections  were  relatively 
immature  when  testing  started  and  were  therefore  going  through  changes  such 
as  removal  of  the  rather  heavy  film  of  asphalt  on  the  aggregate  and  changes 
in  the  microtexture  of  the  surface  contacting  the  tire. 

Group  G  -  Since  the  normal  tire  population  contains  among  the  other 
variables  a  mixture  of  tire  tread  depths,  a  limited  series  of  tests  was  per- 
formed using  two  tires,  one  a  glass-belted  bias-ply  (F-78-14)  and  the  other 
a  steel-belted  radial  (FR-78-14)  each  at  tread  depths  of  11/32  in  (8.7  mm) 
and  5/32  in  (4.0  mm).  A  tire  inflation  pressure  of  24  psi  (165  kPa)  was  used 
during  the  Group  G  tests.  The  relative  performance  of  Section  2  of  the  0GFC 
measured  by  these  two  tires  of  different  tread  depths  is  shown  in  Figures  113 
and  114.  Attention  is  directed  to  two  indicated  findings,  namely,  the  steel 
belted  radial  definitely  delivers  higher  skid  numbers  for  both  tread  depths, 
the  difference  being  about  10  skid  numbers  for  the  5/32  in  (4.0  mm)  tread 
depth  and  55  mph  (88  km/h)  speed.  This  comparison  of  the  effect  of  tread 
depth  for  the  glass-belted  bias-ply  (F-78-14),  is  extended  to  include  the 
2/32  in  (1.6  mm)  tread  depth  in  Figure  115.  A  marked  sensitivity  to  reduction 
in  tread  depth  is  evident.  The  reduction  at  55  mph  (88  km/h)  is  in  the  range 
of  15  to  20  skid  numbers  when  the  tread  depth  is  reduced  from  5/32  to  2/32  in 
(4.0  to  1.6  mm).  However,  it  may  be  noted  that  the  0GFC  delivers  adequate 
friction  at  55  mph  (88  kn/h)  and  a  water  depth  of  0.05  in  (1.3  mm). 

Group  H  -  For  a  12  ft  (3.7  m)  traffic  lane  the  approximate  center  of 
the  wheel  path  is  30  in  (0.76  m)  from  the  edge  of  the  lane.  This  lateral 
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position  was  therefore  chosen  as  the  position  for  wheel  lockup  on  the 
various  sections  and  lanes  through  the  described  test  program.  When  it 
was  observed  that  the  skid  numbers  for  Section  2  with  the  shoulder  sealed 
were  somewhat  higher  than  measurements  made  earlier,  an  effort  was  made 
to  determine  whether  or  not  there  was  an  appreciable  variation  in  skid 
number  across  the  pavement.  The  results  presented  in  Figure  116  were  taken 
at  three  different  points  in  real  time  with  a  considerable  delay  between 
the  time  the  measurements  were  taken  on  Section  2  with  and  without  the 
shoulder  sealed  and  a  very   short  delay  between  the  times  data  on  the  sealed 
shoulder  and  the  position  across  the  pavement  were  taken.  Mention  was  made 
earlier  in  the  discussion  of  the  higher  skid  numbers  on  Section  2  at  the 
time  the  shoulder  was  sealed.  The  skid  numbers  measured  at  points  of 
36  in  (0.9  m),  42  in  (1.1  m)  and  68  in  (1.7  m)  from  the  outside  edge  of  the 
outside  lane  appear  to  verify  the  change  in  the  surface  properties  of  Sec- 
tion 2  with  time  and  exposure  to  test  associated  with  traffic  as  deduced 
earlier  in  this  segment  of  the  report. 

Group  I  -  Although  the  data  presented  in  this  series  of  tests  were 
gathered  early  in  the  test  program  the  analyses  have  been  relegated  to  a 
latter  position  in  the  discussion.  The  reader  should  note  that  Figures  117, 
118,  119  and  120  are  plots  of  skid  number  vs  speed,  not  skid  number  vs 
water  depth  as  has  been  the  case  in  most  of  the  past  discussions.  The 
three  primary  variables  are  rainfall  intensity,  vehicle  speed  and  test  sec- 
tion or  pavement  voids.  This  complete  series  of  tests  was  performed  in  the 
outside  wheel  path  of  the  outside  lane  in  each  of  the  sections.  Similarly, 
this  series  of  tests  might  be  considered  to  correspond  to  the  procedures 
and  equipment  in  ASTM  E274  with  water  depth  and  speed  as  variables.  This, 
of  course,  means  that  for  a  fixed  rainfall  intensity  of,  say,  0.5  in/h 
(13  mm/h)  the  water  depth  increased  with  the  section  number.  It  should  be 
noted,  however,  that  the  effect  on  water  depth  of  a  given  rainfall  intensity 
is  also  a  function  of  the  mat  thickness  as  well  as  the  average  void  content 
of  the  OGFC.  In"spite  of  differences  in  mat  thickness  the  general  trend  of 
the  data  is  an  increase  in  the  slope  of  the  SN  vs  speed  curves  and  a  lower- 
ing of  skid  numbers. 

In  Figures  119and  120  ,  skid  number  vs  speed  data  for  all  tires  except 
the  ASTM  E501  are  presented.  Tire  tread  depth  and  tire  inflation  pressure 
were  fixed  at  2/32  in  (1.6  mm)  and  24  psi  (165  kPa),  respectively.  Again, 
all  four  sections  of  pavement  were  examined  for  their  performance  charac- 
teristics during  simulated  rainfall  rates  of  0.5  and  2  in/h  (13  and  52  mm/h). 

This  overall  analysis  clearly  indicates  that  the  OGFC  provided  adequate 
friction  in  all  cases  except  at  55  mph  (88  km/h)  on  Section  4  where  the 
as-constructed  voids  were  in  the  range  of  15  percent.  The  slope  of  SN  vs 
speed  curve  for  Section  4  is  quite  steep  indicating  a  rapid  approach  to  dy- 
namic hydroplaning  in  the  55  to  60  mph  (88  to  97  km/h)  speed  range  with  the 
associated  potential  danger  of  this  phenomenon.  In  a  general  comparison  of 
the  effect  of  the  two  rainfall  intensities  it  is  evident  that  the  greater 
water  depths,  associated  with  the  higher  rainfall,  caused  a  general  downward, 
lower  SN's,  shift  of  the  curves. 

Macrotexture  of  SH-21  OGFC 

Shortly  after  the  above  described  testing  was  completed,  macrotexture 
measurements  of  the  four  test  sections  were  made  using  the  Silicone 
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Figure  120     Skid  number  vs  speed  for  all   sections, 
average  of  all   tires  expect  ASTM  E501 
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Putty  Method.  The  results  of  these  measurements  are  presented  in  Table 
15  . 

Additional  macrotexture  measurements  were  made  in  the  wheel  path 
(IWP)  and  between  the  wheel  path  (BWP)  of  Section  3  with  values  of  0.110  in 
(2.79  mm)  and  0.122  in  (3.10  mm),  respectively.  The  average  of  the  three 
sets  of  measurements  was  0.107  in  (2.72  mm).  To  determine  the  probable  ef- 
fect of  macrotexture  on  the  skid  number  at  those  lateral  positions,  macro- 
texture  measurements  were  made  in  this  section  at  the  same  lateral  positions 
and  locations,  and  data  are   presented  in  Table  16. 

The  overall  average  macrotexture  including  all  texture  measurements 
made  after  all  simulated  rain  testing  was  done  was  0.107  in  (2.72  mm).  The 
range  of  values  was  from  0.084  to  0.134  in  (2.13  to  3.40  mm). 

A  falling  head  water  outflow  apparatus  was  used  to  evaluate  the  per- 
meability of  these  surfaces  after  all  testing  had  been  completed.  These 
measurements  indicate  a  definite  reduction  in  permeable  voids  from  Section 
1  to  Section  4  with  outflow  time  measurements  of  5.9,  8.2,  9.7  and  17.6 
seconds  for  Sections  1,  2,  3  and  4,  respectively.  Again,  precise  thicknesses 
of  the  mat  at  the  points  of  measurement  were  not  measured;  however,  mat 
thicknesses  measured  about  1  in  (25.4  mm)  based  on  material  quantities  and 
thickness  measurements  made  on  cores  taken  from  the  several  sections. 

Performance  of  OGFC  Under  Natural  Rain 

The  question  of  the  comparative  performance  of  OGFC  under  simulated  and 
natural  rainfall  has  been  raised.  To  shed  some  light  on  this  question  five 
field  sites  were  established  in  Texas  to  gather  data  on  existing  open-graded 
surfaces  that  have  been  in  service  for  time  intervals  of  two  to  five  years. 
Traffic  on  these  sections  varies  from  light  to  very   heavy.  General  proper- 
ties of  the  varioys  sites  and  surfaces  are  given  in  Table  16. 

The  real  impact  of  the  nature  of  the  variation  of  rain  was  not  truly 
appreciated  until  the  researchers  became  acquainted  with  the  difficulty  of 
securing  natural  rainfall  and  associated  tire  pavement  interactions  on  a 
specific  segment  of  highway.  Time  and  timing  became  most  critical  problems 
at  all  sites.  Equipment  availability  was  another  critical  factor  at  all 
sites  except  the  SH-21  Bryan,  Brazos  County  site.  Even  at  this  site  it  was 
not  economically  feasible  to  have  a  trained  crew  on  a  24-hour,  7-day  a  week 
stand-by  basis. 

The  five  selected  sites  included  Austin,  Fort  Worth,  Lufkin,  Beaumont 
and  Bryan,  Texas.  There  was  one  skid  trailer  available  at  Bryan  (the  proper- 
ty of  Texas  Transportation  Institute),  one  trailer  at  Austin  and  one  for 
Fort  Worth,  Lufkin  and  Beaumont  (a  single  unit  normally  stationed  at  Lufkin), 
All  three  units  were  equipped  with  three  or  more  rain  gages,  a  stop  watch  and 
two  mounted  tires.  The  tires  were  ASTM  E501's,  one  with  full  tread  and  the 
other  shaved  to  minimal  tread  depth. 

Operators  at  each  site  were  instructed  to  place  primary  emphasis  on 
collecting  data  at  40  mph  (64  km/h)  with  the  full  tread  E501  tire  in  natural 
rain  in  the  general  intensity  range  of  0.01  to  0.5  in/h  (0.3  to  13  mm/h)  on 
their  typical  open-graded  surfaces.  Following  this  they  were  instructed  to 
collect  data  at  55  mph  (88  km/h)  then  change  to  the  minimal  tread  tire  and 
repeat  the  data  collection  at  the  two  stated  speeds. 
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Rain  gages  used  were  Model  Tru-202  Tru-Check  Gage  manufactured  by 
Edwards  Manufacturing  Company,  Albert  Lea,  Minnesota.  These  gages  are 
easily  read  to  0.01  in  (0.3  mm)  for  the  first  0.5  in  (13  mm)  and  had  a 
2  in  (51  mm)  capacity. 

Normally  the  crews  were  available  during  the  regular  work  week,  and 
it  was  difficult  to  estimate  when  a  given  rain  shower  would  be  at  a  given 
site.  Further,  a  rain  of  uniform  intensity  covering  an  area  of  sufficient 
size  to  include  a  reasonably  sized  test  area  occurred  with  great  rarity. 

Measurements  made  on  SH-21  in  Brazos  County,  Texas,  showed  a  wide 
variation  in  intensity  and  duration  within  the  2200  ft  (671  m)  test  site. 
Variations  in  intensity  of  100  percent  or  more  were  not  uncommon,  with 
such  variations  taking  place  in  a  distance  of  1000  ft  (305  m)  or  less. 
These  observations  were  most  particularly  true  for  rainfall  intensities  in 
the  0.1  to  0.5  in/h  (2.5  to  13  mm/h)  range.  It  was  noted  that  light  rains 
in  the  0.01  to  0.1  in/h  (0.3  to  2.5  mm/h)  range  were  much  more  nearly  uni- 
form in  intensity  and  usually  extended  over  longer  periods  of  time.  The 
impact  of  this  observation  on  the  probability  of  wet-weather  accidents  is 
important.  The  time  factor  is  all -important  and  in  this  connection  the 
reader  is  referred  to  Figure  18  of  Chapter  II,  where  the  probability  of  a 
rainfall  of  a  given  intensity  is  graphed. 

Given  the  observed  facts  regarding  the  measured  variations  in  rain- 
fall intensity  and  duration,  it  is  considered  advisable  to  look  at  recession 
curves  for  various  flow  lengths,  particularly  for  open-graded  friction 
courses  before  we  complete  the  trials  and  tribulations  of  gathering  skid 
data  in  natural  rain. 

The  time  required  for  a  given  surface  to  drain  after  rainfall  has 
ceased  is  a  definite  factor  contributing  to  wet-pavement  exposure  time. 

To  this  end  and  in  keeping  with  the  work  plan  a  pavement  surface  drain- 
age study  was  made  utilizing  a  4  by  28  ft  (1 .2  by  8.5  m)  segment  of  open 
mixture  placed  1  in  (25.4  mm)  thick  on  a  double  tee  beam  as  shown  in  Figure 
121.  By  using  simulated  rain  and  different  cross  slopes  recession  curves 
were  developed  for  different  flow  lengths. 

Recession  curves  for  flow  lengths  of  9,  14,  18  and  28  ft  (2.7,  4.3, 
5.5  and  8.5  m)  are  plotted  on  Figures  122  through  129.  The  recession  curves, 
which  show  runoff  rates  in  inches  per  hour  versus  time  after  stoppage  of  the 
rainfall  supply,  are  characteristic  of  recession  curves  of  flow  from  drainage 
areas. 

At  time  zero  the  runoff  rate  is  equal  to  the  supply  rate,  so  that  each 
curve  plotted  may  be  identified  as  to  its  initial  supply  rate  or  time  zero 
supply  rate.  Stoppage  of  rainfall  in  these  experiments  was  done  in  a  short 
period  of  time,  resulting  in  a  decrease  in  runoff  after  time  zero.  If 
rainfall  could  have  been  stopped  instantly,  there  would  have  been  a  sudden 
increase  of  about  5  percent  in  the  discharge  rate  due  to  the  release  of  the 
frictional  effect  (rain  drop  impact)  of  the  rainfall  on  the  runoff.  The 
flow  would  then  have  decreased  in  approximately  the  same  manner  as  shown  in 
Figures  130  through  131.  The  recession  curves  shown  on  Figures  122  through  129 
should  be  representative  of  actual  runoff  curves  on  highway  pavements  sub- 
jected to  natural  rainfall  patterns. 
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After  time  zero  (or  stoppage  of  rainfall),  the  runoff  rate  decreases 
rapidly  until  about  6  minutes  after  stoppage  of  rainfall  and  a  straight 
line  recession  begins.  The  per  minute  recession  coefficient,  K  may  be 
computed  from  two  points  on  the  exponential  (straight  line)  regFession 
line  by  the  following  equation: 


Eq  (33) 


where:        q  =  discharge  at  first  point,  in/h  units 

q.  =  discharge  at  second  point,  in/h  units,  and 

t  =  time  intervals,  in  minutes  between  points  1  and  2. 

From  Figure  123,  point  1  is  0.185  in/h  (4.7  mm/h)  at  time  =  8  minutes, 
and  point  2  is  0.078  in/h  (2.0  mm/h)  at  time  =  20  minutes.  The  recession 
coefficient  is  then 


Kr  = 


2  /o.078   n  n,,  .  ..  /  . 
/  0~T85~  =  °-931  m/h/min 


The  discharge  rate  at  any  time  after  point  1  (or  any  other  selected  point 
on  the  exponential  recession  line)  may  be  found  from  the  expression 

qt  =  (q0)(Kr)t.  Eq  (34) 

Using  the  example  above: 

q12  =  (0.185) (0.931 )12  =  0.078  in/h. 

The  volume  in  storage  at  a  particular  point  on  the  exponential  regression 
line  may  be  found  from: 

"qo 
Volume  in  Storage  =  ,  #K  \  .  Eq  (35) 

Again  using  the  example  on  Figure  123,  the  volume  in  storage  at  the  time 
when  q  =  0.185  in/h  is 

w  n      -0.185      0  roo  in  •  4. 
Volume  =  -J  r-k   g3-|  \     =  2.588  -r-  minutes. 

The  volume  may  be  reduced  to  water  depth  over  the  drainage  area  by 

dividing  by  60  minutes,  giving  in  this  case  a  depth  of  0.043  in  (1.1  mm). 

This  division  by  60  may  be  carried  out  for  any  size  of  drainage  area  when 
q  is  in  in/h  and  K  has  unites  of  in/h/min. 

Examination  of  the  regression  curves  for  the  various  lengths  indicates 

a  slight  trend  for  the  regression  coefficient,  K  ,  to  increase  with  length. 

The  data  are,  however,  scattered  too  much  to  give  a  reliable  expression  for 

this  trend.  The  recession  coefficient  K  should  also  decrease  with  increase 

r 
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in  slope.  The  data  for  the  18  ft  (5.5  m)  flow  length  show  this  trend; 
whereas,  the  data  for  the  28  ft  (8.5  m)  flow  length  show  an  opposite  trend. 

From  the  plots  on  Figures  122  through  129,  it  appears  that  a  consider- 
able amount  of  drainage  occurs  in  the  first  6  minutes  after  cessation  of 
rainfall.  For  example,  on  Figure  128,  the  curve  for  a  time  zero  supply  rate 
of  2.0  in/h  (51  mm/h)  reduces  to  0.30  in/h  (7.6  mm/h)  6  minutes  after  stoppage 
of  rainfall.  A  summation  of  the  area  under  the  2.0  in/h  (51  mm/h)  supply 
curve  from  zero  to  6  minutes  gives  the  volume  discharged  in  this  time  as 
3.51  in/h/minutes.  The  volume  remaining  in  storage  at  time  =  6  minutes  is 


Volume  =  -0.30/ln  (0.951)  =  5.97  In/h/min. 


The  total  volume  discharged  after  time  zero  would  be  the  sum  of  these 
two  values  or  9.48  in/h/min,  equivalent  to  a  water  depth  of  0.158  in 
(4.7  mm)  over  the  drainage  area. 

This  discharge  rate  at  6  minutes  after  stoppage  of  rainfall  shows  a 

rough  trend  of  increasing  values  with  increase  in  cutoff  supply  rate.  A 

plot  of  the  values  for  a  flow  length  of  28  ft  (8.5  m)  and  a  slope  of  4  per- 
cent is  shown  on  Figure  132. 

The  scatter  of  the  data  for  the  recession  curves  may  be  attributed  in  part 
to  the  accuracy  of  the  measurement  of  the  discharge  rates.  The  experimental 
apparatus  gave  sufficient  accurate  results  for  determination  of  rainfall 
supply  rates  above  0.6  in/h  (15  mm/h).  However,  when  the  discharge  rates 
dropped  below  about  0.2  in/h  (5  mm/h)  (on  a  28-ft  (8.5m)  flow  length),  the 
results  became  erratic.  When  shorter  flow  lengths  were  used,  the  results 
were  even  more  scattered.  The  following  summary  statements  appear  in  order. 

1.  Recession  curves  of  runoff  from  open-graded  asphaltic  concrete 
mixtures  have  the  ^ame  characteristics  as  recession  curves  from  any  natural 
drainage  area. 

2.  The  recession  coefficient  for  flow  lengths  of  24  ft  (7.3  m)  will  be 
about  0.95  in/h/min  for  most  conditions  of  slope  and  rainfall  intensity. 

3.  The  exponential  recession  curve  will  start  at  about  6  minutes  for 
flow  lengths  of  9  to  28  ft  (2.7  to  8.5  m)  and  slopes  of  0.5  percent  to  8  per- 
cent. A  rough  approximation  of  the  6-minute  discharge  rate  for  a  24-ft 

(7.3  m)  flow  length  is 

q6  =  0.22  a44  Eq  (36) 

where       qfi  is  in  in/h  and 

a  =  cutoff  supply  rate  in  in/h. 

The  reader's  attention  is  now  redirected  to  the  experimental  work  con- 
ducted in  the  field  under  natural  rainfall. 

Table  17  is  a  summary  of  the  data  collected,  for  the  most  part,  during 
natural  rain  over  a  period  of  eight  months  on  SH-21  in  Brazos  County. 

The  data  collection  system  consisted  of  the  standard  TTI  locked-wheel 
trailer  which  utilized  the  ASTM  E501  full  tread  tire  inflated  to  24  psi 
(165  kPa).  The  first  column  of  data  includes  SN's  obtained  using  the 
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internal  watering  systems  as  per  ASTM  E274.  These  data  indicate  no  sig- 
nificant difference  among  the  four  test  sections. 

The  next  six  columns  of  data  represent  information  collected  during 
natural  rain, the  intensity  of  which  varied  from  zero  to  0.57  in/h  (14.5  mm/h) 
An  examination  of  these  data  indicates  that  all  four  sections  of  the  OGFC 
performed  in  a  highly  acceptable  manner.  To  picture  this  conclusion  more 
clearly  the  more  than  260  data  points  at  SN,0  and  SNrr  were  averaged  for 
each  lane  of  each  section  at  the  two  test  speeds,  ana  these  were  plotted 
and  are  shown  in  Figure  133.  A  spread  in  the  SN-n  of  eight  skid  numbers 
(from  51  to  59)  is  apparent;  whereas,  the  SNj-c  ranged  from  49  to  51 ,  a 
remarkably  small  variation.  If  all  these  data  are  averaged  for  both  lanes 
and  all  sections,  the  SN»n  is  found  to  be  55  and  the  SN^c-  is  found  to  be  50, 
a  drop  of  only  five  skid  numbers  for  a  speed  increase  of  15  mph  (24  km/h). 

In  columns  8,  9  andlOlimited  data  are  presented  depicting  skid  numbers 
in  natural  rain  on  these  same  test  sections  wherein  a  G  78-15  custom  belted 
polyglass  tire  with  2/32  in  (1.6  mm)  tread  was  substituted  for  the  full 
tread  ASTM  E501 . 

Observations  were  made  during  rains  of  three  different  intensities 
varying  from  0.08  in/h  (2  mm/h)  to  1.3  in/h  (33  mm/h).  Data  at  40  mph 
(64  km/h)  ranged  from  43  to  55  with  no  particular  pattern. 

The  data  presented  in  Table  18  and  Figure  134  were  obtained  from  the 
four  test  sections  of  OGFC  on  SH-21  in  Brazos  County.  Six-inch  (152  mm) 
diameter  cores  were  taken  from  each  of  these  sections  and  tested  for  water 
permeability  in  the  laboratory.  Both  constant  head  and  falling  head  measure- 
ments were  taken.  Except  as  noted  the  cores  came  from  the  outside  lane  of 
each  section. 

It  will  be  recalled  that  Section  1  contained  no  crusher  fines  and  that 
increasing  amounts  of  fines  were  used  in  Sections  2,  3  and  4.  From  the  data 
points  it  appears  that  10 
meable  surface  for  the  matei 

Apparently  the  zero  fines  mixture  suffered  particle  degradation  due  to 
the  limited  number  of  aggregate  contact  points  and  the  associated  stress  at 
these  points  of  contact.  It  should  be  recalled  that  the  coarse  aggregate 
used  on  this  project  is  a  manufactured  lightweight  aggregate  sized  predominant- 
ly from  1/2  in  (13  mm)  to  No.  4  (4.8  mm)  sieve  sizes. 

Field  measurements  made  with  the  skid  trailer  at  most  of  the  sites  were 
limited  for  reasons  stated;  however,  extensive  photographs  were  taken,  co- 
ordinated with  rainfall  intensity  readings.  Selected  photographs  from 
several  of  the  sites  follow  with  captions  and  added  explanations  in  the  text 
as  seems  appropriate. 

With  the  exception  of .  the  data  gathered  on  the  SH-21  sections  in  Brazos 
County  personnel  of  the  State  Department  of  Highways  and  Public  Transportation 
were  generally  responsible  for  data  gathering  at  the  other  four  field  sites. 
The  coordinated  assistance  of  State  and  Federal  agencies  is  a  necessary  part 
of  research  of  this  type. 
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to  15  percent  crusher  fines  produce  the  most  per- 
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Natural  Rainfall  on  Open-Graded  and  Dense  Surfaces  in  Austin,  Texas 

Limited  data  were  gathered  during  and  after  rain  in  the  Austin,  Texas, 
area  on  both  dense  and  open-graded  surfaces.  Photographic  evidence  is 
presented  depicting  the  several  events  in  Figures  135  through  143. 

Figure  135  presents  a  thru  lane  facility  on  a  crest  vertical  curve 
with  a  drainage  path  length  of  about  50  ft  (15  m).  Cross  slope  in  this 
area  of  the  pavement  is  about  2  percent.  Water  flow  lines  are  in  evidence 
but  complete  flooding  of  the  surface  asperities  occurs  in  only  a  small  part 
of  the  off-ramp  area  (see  left  center  of  photograph).  The  condition  being 
observed  was  photographed  about  three  minutes  after  rain  had  ceased. 

Figure  136  is  the  same  general  area  but  somewhat  upstream.  This  pic- 
ture was  taken  three  minutes  after  rain  had  ceased.  In  both  cases  the  two 
higher  lanes  of  the  road  appear  "dry".  Open  mix  extends  completely  across 
the  road. 

In  Figure  137  only  the  two  travelled  lanes  are  surfaced  with  OGFC. 
This  picture  was  taken  ten  minutes  after  rainfall  had  ceased.  Water  con- 
tinues to  sheet  across  the  dense  shoulder,  a  potential  hazard  area. 

Rainfall  intensity  in  Figure  138  is  0.06  in/h  (1.5  mm/h).  The  skid 
trailer  wheel  is  locked.  The  line  left  behind  the  locked  wheel  indicates 
that  the  tire  has  purged  the  voids  in  the  surface  layer.  High  SN»n 
recorded  during  the  lockup  indicate  adequate  rubber-to-aggregate    contact. 
It  is  evident  from  Figure  139 that  the  light  rain  has  caused  some  spray  in 
the  outside  lane  of  this  four-lane  divided  highway. 

For  a  passenger  vehicle  there  is  a  minimal  amount  of  spray  in  Figure 
140. 

In  Figure  141  a  "bow  wave"  is  visible  in  front  of  the  locked  wheel  of 
the  skid  trailer  operating  on  a  dense  pavement  surface  in  0.06  in/h  (1.5  mm/h) 
intensity.  Glare  is  more  pronounced  on  this  surface  than  that  on  an  open 
surface  subject  to  the  same  conditions  (see  Figure  170). 

In  Figure  142  rain  had  ceased  five  minutes  before  this  picture  was 
taken.  Surface  drainage  continues  in  the  outside  lane  and  is  creating 
spray.  Even  ten  minutes  after  rain  ceased  spray  continued  to  trail  passen- 
ger vehicles  for  50  ft  (15  m)  or  more  (see  Figure  143). 

Fort  Worth  Pavements  in  Natural  Rain 

Pictorial  evidence  of  splash  and  spray  on  pavements  subjected  to  heavy 
traffic  is  presented  in  the  photographs  that  follow.  These  pictures  are 
grouped  and  include  variables  of  pavement  type  (open-graded  or  dense),  rain- 
fall intensity,  lane  position  of  vehicle  being  observed,  type  of  vehicle 
and  geometries. 

The  photographs  presented  in  Figures  144,  145,  146  and  147  were  taken 
during  a  rainfall  intensity  of  0.04  in/h  (1  mm/h).  All  observations  were 
on  1-30  where  a  lightweight  aggregate  was  used  to  form  a  thin  open-graded 
surface  of  limited  internal  permeability. 
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A  large  truck,  passenger  vehicle  and  a  pickup  truck  may  be  observed 
with  each  one  producing  spray.  It  is  apparent  and  expected  that  the  trac- 
tor-trailer causes  much  more  spray. 

In  Figure  145  there  is  a  marked  difference  in  the  spray  when  the 
vehicles  in  the  inner  and  outer  lanes  are  compared. 

The  pickup  in  Figure  146  creates  more  spray  than  a  passenger  vehicle  on 
the  same  lane  and  in  the  same  weather  condition.  The  vehicle  on  the  inside 
lane  of  a  compound  curve  in  Figure  147  presents  more  spray  than  might  be 
expected.  The  crest  vertical  curve  is  a  factor  in  this  case. 

Figures  148,  149,  150  and  151  involve  another  segment  of  1-20  in  Fort 
Worth  where  the  old  existing  Portland  cement  concrete  pavement  is  exposed 
directly  to  traffic.  Rainfall  intensity  is  0.03  to  0.04  in/h.  Spray 
generally  extends  further  behind  all  types  of  vehicles  and  is  noticeably 
denser.  Although  not  critical  during  daylight  hours  the  level  of  light  re- 
flectance is  much  greater  on  these  dense  pavements  of  low  macrotexture.  Head- 
lamp glare  at  night  would  add  to  the  driving  task.  The  driving  task  would  be 
further  complicated  on  undivided  highways. 

Photographs  presented  in  Figures  152,  153  and  154  were  taken  during  a  rain 
of  0.03  in/h  (0.8  mm/h)  intensity  and  all  three  show  large  trucks.  The  VW 
bug  along  the  side  of  the  tractor-trailer  of  Figure  152  represents  only 
limited  hazards  but  these  hazards  would  be  more  severe  at  night. 

The  side  view  of  the  tractor-trailer  of  Figure  154  gives  reasonably  clear 
evidence  that  the  0GFC  gives  adequate  spray  control.  Spray  extends  behind 
the  vehicle  about  50  ft  (15  m)  and  is  rather  light.  The  pickup  drawn  house 
trailer  of  Figure  155  is  travelling  at  about  55  mph  (88  km/h)  in  the  outside 
lane  of  this  heavily  travelled  freeway.  Low  level  spray  extends  about  two 
car  lengths  behind  the  trailer.  Macrotexture  of  this  pavement  is  in  the 
range  of  0.04  to  0.05  in  (1  to  1.3  mm). 

In  Figures  156,  157,  158  and  159  the  observed  rainfall  intensity  is  0.02 
in/h  (0.5  mm/h).  These  pavements  are  all  of  the  open-graded  type  but  the 
overlay  thickness  is,  as  has  been  the  case  throughout  the  entire  Fort  Worth 
area,  quite  minimal  with  little  or  no  true  internal  drainage.  One  might 
refer  to  these  overlays  as  special  surface  treatments  designed  for  heavy 
traffic. 

The  surfaces  do  have  a  good  macrotexture  and  the  aggregate  selection 
procedure  is  generally  structured  to  avoid  the  inclusion  of  polishing  types 
of  stone.  The  light  spray  behind  the  tractor-trailer  of  Figure  158  is  typi- 
cal for  these  surfaces  in  this  intensity  of  rain.  The  low  level  of  light 
reflectance  is  evident  in  Figure  159. 

Natural  Rainfall  on  OGFC  in  Beaumont 

A  group  of  selected  photographs  is  presented  to  show  splash  and  spray 
of  passenger  vehicles  and  trucks  in  natural  rain  on  open-graded  surface 
courses  in  the  Beaumont,  Texas  area.  Two  rainfall  intensities,  namely 
0.25  in/h  and  0.05  in/h  (6.4  mm/h  and  1.3  mm/h)  were  observed  on  state  and 
interstate  highways  surfaced  with  thin  overlays  of  open-graded  hot-laid 
asphalt  surfacing. 
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The  coarse  aggregates  used  in  all  but  one  of  the  surfaces  consisted  of 
selected  manufactured  lightweight  aggregate  with  good  and  lasting  micro- 
texture.  This  material  was  sized  from  1/2  in  (13  mm)  to  No.  4  (4.75  mm) 
mesh.  Fine  aggregate  formed  about  10  percent  by  weight  of  the  total  aggre- 
gate. The  combination  resulted  in  a  blend  containing  about  3  percent 
filler. 

One  section  of  pavement  utilized  a  crushed  traprock  sized  similarly  to 
the  lightweight  material.  A  major  difference  in  particle-shape  existed  be- 
tween the  two  materials.  The  lightweight  was  blocky  in  form  while  the  trap- 
rock  particles  were  quite  flat.  Constrast  Figures  164  and  167. 

Reference  is  made  to  Figures  160,  161  and  162  taken  during  rain  on  1-10. 
It  is  apparent  in  Figure  160  where  a  passenger  vehicle  is  travelling  about 
55  mph  (88  km/h)  in  the  outside  lane  in  rainfall  of  intensity  0.25  in/h 
(6.4  mm/h)  that  the  open-graded  surface  is  performing  quite  well.  On  the 
other  hand  the  tractor-trailer  in  Figure  161  is  creating  a  noticeable  amount 
of  spray  but  no  splash.  The  truck  is  travelling  about  55  mph  (88  km/h)  and 
on  a  slight  upgrade  of  about  2  percent. 

Figure  162  presents  a  truck  on  another  segment  of  1-10.  Truck  speed 
was  estimated  at  45  mph  (72  km/h).  There  is  no  splash  and  the  spray  is 
much  less  than  that  to  be  observed  in  Figure  161. 

Rainfall  intensity  in  Figures  163,  164  and  165  is  about  0.05  in/h 
(1.3  mm/h).  These  photographs  clearly  show  that  none  of  the  three  vehicles 
causes  any  splash  or  spray  on  this  segment  of  SH-87.  Again  the  surface  is 
open-graded  with  fines  used  in  the  mixture  design.  Cross  slope  of  the 
travelled  lanes  is  2  percent.  The  shoulder  is  also  surfaced  with  an  open- 
graded  surface  and  is  cross  sloped  at  3  percent.  Performance  is  judged 
excellent. 

The  effects  -ef  accumulated  water  in  and  on  open-graded  pavement  surfaces 
are  functions  of  several  factors.  Figure  166  depicts  a  situation  where 
surface  performances  were  observed  about  three  minutes  after  cessation  of 
heavy  rain.  The  eighteen-wheel  truck  produced  some  spray  but  no  splash. 
Now  contrast  this  with  a  similar  truck  on  SH-87  in  a  0.06  in/h  (1.5  mm/h) 
rainfall.  Note  that  the  macrotexture  on  the  1-10  pavement  is  0.08  in  (2  mm) 
and  that  on  SH-87  is  0.03  in  (0.8  mm).  Additionally,  there  is  less  cross 
slope  on  SH-87  (see  Figure  167). 

Natural  Rainfall  on  OGFC  in  Bryan  on  SH-21 

The  probability  of  securing  tire-pavement  interaction  data  during 
natural  rainfall  was  greatest  for  Brazos  County  SH-21  site.  Proximity  to 
the  test  site  and  availability  of  a  trained  crew  and  the  necessary  equipment 
made  it  possible  to  obtain  skid  data  during  several  rains.  The  range  of  the 
rainfall  intensity  was  fairly  broad  and  covered  those  intensities  for  which 
data  were  considered  most  desirable. 

Instructions  to  the  data  gathering  crew  were  essentially  the  same  as 
those  issued  to  the  other  four  sites  in  Texas.  Emphasis  was  placed  on 
gathering  data  at  40  mph  (64  km/h)  with  a  full  tread  ASTM  E501  tire  followed 
by  a  reading  at  55  mph  (88  km/h).  Wheel  load  and  tire  inflation  pressure 
corresponded  to  that  called  for  in  ASTM  E274. 
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Pavement  surface  conditions  were  observed  with  respect  to  drainage  and 
free  surface  water  on  each  of  the  four  subsections  of  the  SH-21  test  site. 
As  the  reader  may  recall  from  an  earlier  segment  of  this  chapter  of  the 
report,  the  2200  ft  (670  m)  test  site  consists  of  four  subsections  each  de- 
signed with  a  different  percent  of  voids  as  constructed.  The  range  of  these 
voids  was  from  more  than  25  to  about  15  percent.  The  actual  permeable  voids 
in  the  field  were  about  20  percent  less  than  the  as-constructed  void  con- 
tents. 

During  the  several  months  of  data  gathering  it  was  possible  to  obtain 
data  in  rainfalls  ranging  from  0.02  in/h  (0.5  mm/h)  to  0.8  in/h  (20  mm/h). 
The  duration  and  the  intensity  were  variables  for  each  rain;  therefore,  it 
was  quite  important  that  tire-pavement  interaction  data  be  carefully 
referenced  to  rainfall  intensity. 

Recording  of  pictorial  information  and  referencing  these  data  to  rain- 
fall intensity  were  less  difficult.  Rainfall  intensity  was  usually  measured 
at  10-minute  intervals;  hence,  pictures  made  in  these  intervals  were  assumed 
to  represent  the  conditions  associated  with  the  intensity  recorded.  The 
usual  practice  was  to  allow  the  system  to  stabilize  for  at  least  15  minutes 
before  any  data  were  taken. 

In  Figures  168  and  169  the  effect  of  a  rainfall  of  0.02  in/h  (0.5  mm/h) 
may  be  observed.  In  Figure  168  one  may  observe  the  highly  reflective  dense 
surface  in  the  foreground  with  the  passenger  vehicle  on  Section  4  of  the 
0GFC.  Section  4  has  the  lowest  void  content,  about  12  percent  of  permeable 
voids  at  the  time  the  picture  was  taken.  Essentially  no  water  existed  above 
the  surface  asperities  in  the  outside  wheel  path  of  the  outside  traffic 
lane.  Splash  and  spray  would  be  a  problem  on  the  dense  pavement  in  the 
foreground.  Evidence  of  this  splash  and  spray  is  presented  in  Figure  169 
where  the  passenger  vehicle  in  the  background  has  spray  trails  150  ft 
(46  m)  behind  the  car. 

In  Figure  170  tests  are  being  conducted  in  the  outside  wheel  path  of 
the  outside  lane  in  Section  3.  The  light  streaks  in  the  wheel  path  indi- 
cate that  water  is  near  the  top  of  the  surface  asperities  but  does  not  com- 
pletely cover  these  peaks.  Frictional  drag  is  essentially  the  same  as  that 
for  internal  water  only.  During  this  same  rainfall  of  0.08  in/h  (2  mm/h) 
a  photograph  was  made  on  the  westbound  dense  pavement  paralleling  the  test 
site.  Splash  and  spray  for  this  figure  are  shown  in  Figure  171. 

Further  evidence  of  the  high  frictional  drag  on  the  0GFC  is  presented 
in  Figure  172.  Here  the  locked  tire  of  the  trailer  is  creating  a  black 
mark  on  the  pavement. 

Again  in  Figure  173  the  comparative  performance  from  the  splash  and 
spray  viewpoints  for  a  dense  surface  (left  portion  of  picture)  and  the  0GFC 
on  the  right  foreground  are  evident.  The  vehicle  in  the  background  has  just 
left  Section  4. 

\Jery   little  spray  is  being  produced  in  Figure  174  on  Section  3  in  a 
rain  of  0.08  in/h  (2  mm/h).  No  splash  was  observed. 

The  most  open  surface  of  the  SH-21  test  site  is  being  subjected  to  a 
rain  of  0.2  in/h  (5  mm/h)  in  Figure  175.  Reflectance  of  the  headlamps  is 
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a  key  item  to  observe  here.  Compare  the  reflectance  on  the  dense  surface 
which  is  covered  with  a  sheet  of  water  with  that  of  the  OGFC.  The  pos- 
sible hazards  of  driving  on  wet  pavements  at  night  is  minimized  where 
OGFC  are  used. 

The  comparative  drainage  efficiency  of  Sections  1  and  3  may  be  ob- 
served in  Figure  175  and  176.  In  some  areas  of  Section  3  water  is  above 
the  asperity  peaks.  The  corresponding  west  bound  dense  surface  lanes  may 
be  observed  in  Figure  177.  Spray  follows  both  vehicles  several  hundred 
feet. 

Lack  of  uniformity  of  the  test  section  is  apparent  in  Figure  176. 
Slight  differences  in  density,  lack  of  a  perfect  section  and  differences 
in  mat  thickness  contribute  to  the  evident  non-uniform  drainage. 

Tests  at  55  mph  (88  km/h)  in  a  rain  of  0.3  in/h  (7.6  mm/h)  are  being 
conducted  in  Figure  178.  The  outside  lane  produces  some  spray  but  no  splash 

Pickup  trucks  are  presented  in  Figure  179  during  a  rain  of  0.25  in/h 

(6.4  mm/h).  The  truck  in  the  left  foreground  is  on  Section  2  and  the  truck 

immediately  behind  is  leaving  Section  1  and  is  in  the  outside  wheel  path  of 

the  outside  lane.  There  is  essentially  no  spray  from  the  inside  lane. 

In  Figure  180  the  inside  or  passing  lane  is  free  of  surface  water; 
whereas,  the  outside  lane  produced  short  spray  trails  on  Section  3  (fore- 
ground) and  longer  trains  on  Section  4  in  the  far  background. 

At  a  natural  rainfall  intensity  of  0.4  in/h  (10  mm/h)  the  skid  trailer 

created  considerable  spray  but  still  no  splash  (see  Figure  181  ).  The  SN4Q 

with  a  full  tread  ASTM  E501  is  in  the  range  of  45  to  55  on  these  surfaces 
and  under  the  prevailing  0.4  in/h  (10  mm/h)  rainfall. 

The  tractor-trailer  shown  in  Figure  182  is  travelling  about  55  mph 
(88  km/h)  on  Section  3  of  the  SH-21  test  site  in  a  rain  of  0.6  in/h 
(15  mm/h).  Both  splash  and  spray  are  being  produced  in  the  outside  lane. 
This  situation  would  be  hazardous  at  night,  particularly  if  passing  were 
involved. 

In  Figure  183,  Section  4,  the  section  with  the  least  voids',  flooding 
of  the  outside  lane  is  critical.  Approximately  8  ft  (2.4  m)  of  this  lane 
are  flooded  for  the  entire  length  of  this  section.  In  Figure  184   (taken 
from  behind  the  steering  wheel  of  a  trailing  vehicle)  the  skid  trailer  is 
almost  obscured  by  the  spray.  The  trailing  chicle  is  about  100  ft  (30  m) 
behind  the  trailer.  Under  these  conditions  of  water  the  SN«n  for  the  full 
tread  ASTM  E501  was  54  and  the  SN55  was  49.  4 

It  is  evident  that  when  an  OGFC  of  the  type  described  here  is  flooded 
by  heavy  rainfall,  ample  friction  is  available  provided  the  tire  being 
used  has  good  tread. 

General  Conclusions  and  Summary  Statements 

Several  conclusions  regarding  the  performance  characteristics  of  OGFC 
may  be  listed,  and  based  on  field  observations  as  well  as  background  infor- 
mation, brief  summary  statements  regarding  the  interacting  technical  and 
economic  factors  will  be  presented. 
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Current  OGFC  mixture  design  procedures  recommended  by  the  Federal  High- 
way Administration  are  entirely  satisfactory.  The  inclusion  of  fine  material 
in  sufficient  amounts  that  result  in  about  three  percent  filler  in  the  final 
mixture  is  a  highly  beneficial  construction  aid  that  permits  a  wider  range  in 
placement  temperature. 

For  prolonged  internal  drainage,  minimum  compacted  mat  thickness  should 
be  about  1  inch  (25.4  mm).  This  assumes  high  quality  aggregates  properly 
graded  and  correctly  placed. 

Open-graded  mixtures  offer  one  of  the  best  known  methods  of  controlling 
macrotexture.  Large  top  size  aggregate  may  be  used  without  creating  unaccep- 
table noise  levels,  since  the  asperity  peaks  lie  in  essentially  one  plane  and 
there  are  few  percussion  cups  in  the  face  of  the  surface  mat. 

As  indicated  by  the  hard  data  presented,  OGFC  will  deliver  relatively 
high  levels  of  friction  at  legal,  rural  speed  limits  and  at  water  depths  up 
to  0.1  inches  (2.5  mm)  provided  tread  depth  is  at  or  above  approximately 
0.2  inches  (5  mm)  and  tire  inflation  pressure  is  at  or  above  approximately 
20  psi  (138  kPa). 

Splash  and  spray  are  materially  reduced  in  rainfalls  ranging  from  about 
0.2  to  0.5  in/h  (5   to  13  mm/h),  and  at  lesser  rainfall  rates  correctly 
designed  and  constructed  OGFC  may  be  expected  to  present  essentially  com- 
pletely drained  surfaces  with  the  associated  performance  characteristics. 
Sustained  rainfall  in  excess  of  about  0.3  in/h  (7.6  mm/h)  was  found  to  cause 
flooding  of  acceptable  OGFC  where  the  flow  path  exceeded  about  12  feet  (3.7  m); 
however,  no  serious  problems  were  encountered  in  flow  lengths  up  to  24  feet 
(7.3  m). 

Sealing  the  outside  edge  of  a  24-foot  (7.3  m)  pavement  caused  no  signifi- 
cant problem  with  the  skid  performance  of  the  surface  investigated;  however, 
long-time  storage  of  water  in  the  mat  could  cause  substrate  instability 
problems. 

Tires  with  minimum  tread  pattern  depth  or  less,  especially  the  wide  oval 
type,  performed  poorly  at  55  mph  (88  km/h)  on  those  surfaces  with  water  depths 
in  excess  of  about  0.08  inches  (2  mm)  irrespective  of  the  macrotexture  and 
internal  drainage. 

Although  initial  costs,  maintenance  costs  and  vehicle  operating  costs 
were  not  investigated  in  this  study,  these  are  factors  which  warrant  consid- 
eration in  a  systematic  friction  improvement  program. 

Economic  Factors 

When  we  consider  all  aspects  of  the  economic  problem  related  to  increases 
in  levels  of  highway  surface  texture  and  skid  resistance,  it  appears  the  justi- 
fication must  lie  primarily  on  humanitarian  grounds.  The  gross  relationship 
between  surface  friction  and  wet-accident  rate  has  been  shown  in  a  number  of 
studies  through  the  years.  Increasing  tire-pavement  friction,  however,  re- 
sults in  a  variety  of  economic  influences.  The  most  obvious  positive  influence 
is  accident  reduction,  but  other  influences  are  not  positive.  Figure  185  sum- 
marizes these  influences. 
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Figure  185.  Influences  of  increasing  anti-pol ishing 
characteristics  on  pavement  friction 
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It  is  apparent  that  arbitrarily  increasing  pavement  macrotexture  to  pro- 
duce increases  in  friction  and  reduce  hydroplaning  tendencies  must  be  subject 
to  some  compromise  to  prevent  the  negative  influences  from  growing  intoler- 
able. The  recommendations  for  combinations  of  surface  slope,  drainage  path 
length  and  texture  made  in  Chapter  VII,  have  been  made  with  the  positive  as 
well  as  negative  economic  influences  in  mind. 
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CHAPTER  VI 

PAVEMENT  DRAINAGE 

Field  Investigations  of  Puddle  and  Texture  Depth 

Measurements  were  made  at  314  sites  in  Texas  to  determine  (1)  ocurrence 

of  significant  puddling  on  traffic  lanes  and  (2)  amount  of  texture  depth  at 

the  puddling  areas.  The  locations  of  these  sites  and  highway  category  are 
shown  in  Table  19. 

Test  Procedures 

Three  types  of  measurements  were  taken  to  investigate  puddle  depths  and 
texture  depths  on  typical  highways,  interstate,  U.S.  and  state  routes. 

1.  A  rod  and  level  were  used  to  measure  cross-section 
elevations  on  the  pavement. 

2.  A  6  ft  (1.83  m)  steel  bar  and  calibrated  step  gauge 
were  used  to  measure  rut  depths  at  these  cross 
sections. 

3.  The  Silicone  Putty  Method  was  employed  to  measure 
texture  depths  in  wheel  paths. 

The  first  two  measurements  provided  information  to  calculate  puddle 
depths.  The  elevations  were  used  to  determine  the  cross  slope  of  the  pave- 
ment. Readings  were  taken  at  the  center! ine,  edge  of  pavement  and  at  an 
intermediate  point  on  the  traveled  way.  A  6  ft  (1.83  m)  steel  bar  was  placed 
on  the  traveled  way,  and  rut  depths  were  measured  by  using  a  calibrated  step 
gauge.  The  step  gauge  was  fabricated  from  17-4  PH  stainless  steel  heat 
treated  to  H-900  condition.  Details  of  the  instrument  are  shown  in  Figure  186 
Previous  research  indicated  2.5  ft  (0.76  m)  for  the  wheel  path  width.  This 
width  was  checked  at  more  than  200  sites.  The  average  width  was  approxi- 
mately 2.5  ft  (0.76  m). 

Cross  sections  were  plotted,  cross  slopes  were  determined  and  puddle 
depths  were  computed. 

Computation  methods: 

w 
PD  =  a  -  -£-  tan  e 


(see  Figure  187) 

_C_ 
WL 


r 

where       tan   =  rrr    (see  Figure  188) 


Positive  or  negative  puddle  depths  may  exist.  Positive  puddle  depths, 
as  shown  in  Figure  187  represent  measureable  depths  in  the  wheel  path  where 
puddling  may  occur.  As  shown  in  Figure  188,  negative  puddle  depths  indicate 
the  slope  of  the  road  was  adequate  to  permit  water  to  flow  to  the  edge  of 
the  pavement. 
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Table  19.  Locations  of  test  sites  in  Texas 


District 
No. 

Highway  Category 

Total 

IH 

US 

SH* 

FM 

2 

8 

34 

14 

56 

10 

46 

46 

11 

11 

17 

28 

12 

3 

3 

14 

22 

22 

15 

18 

4 

8 

6 

36 

16 

11 

11 

18 

14 

50 

10 

74 

19 

13 

13 

20 

16 

9 

25 

Total 

18 

99 

167 

30 

314 

SH  includes  loops 
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Edge  of 
pavement 


Edge  of 
pavement 


WL  =  Width  of  traffic  lane 
C  =  Change  in  height  throughout  WL 
PD  =  Puddle  depth 
w  =  Wheel  paths  =  2.5  ft  (0.76  m) 

r 

A  =  Largest  rut  depth  that  existed  within  WL 


Figure  189.  Cross  section  of  traveled  way. 
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Average  texture  depths  were  determined  at  each  cross  section  by  employ- 
ing the  equation: 

TXD  =  t^-2  -   0.0625 
ud 

where       D  .  =  Average  of  four  diameter  measurements  taken  on  the 

putty  impression,  in  inches. 

TXD  =  Average  texture  depth. 

Note:  To  measure  D,  in  the  metric  system,  the  device  would  need  to  be 
calibrated    with  an  appropriate  metric  weight. 

Findings 

Cross  Slope  -  Readings  were  made  at  547  locations.  The  measurements 
were  analyzed  and  a  histogram  was  plotted,  see  Figure  190.  The  mean  slope 
was  found  to  be  1.9  percent.  The  cumulative  percent  distribution  of  cross 
slopes  is  shown  in  Figure  191. 

Puddle  Depth  -  The  puddle  depths  were  analyzed  and  a  histogram  plotted. 
The  data  were  erratically  distributed  as  shown  in  Figure  192.  The  cumulative 
percent  distribution  of  puddle  depths  in  shown  in  Figure  193. 

Texture  Depth  -  A  frequency  histogram  was  prepared,  and  as  shown  in 
Figure  194,  the  mean  depth  was  0.043  in  (1.09  mm).  The  cumulative  percent 
distribution  of  texture  depths  at  131  locations  is  shown  in  Figure  195. 
These  texture  depths  were  measured  on  asphaltic  concrete  pavements. 

In  the  summer  of  1977  personnel  from  the  Texas  State  Department  of 
Highways  and  Public  Transportation  and  the  Texas  Transportation  Institute 
recorded  texture  depths  at  213  locations  in  the  eastern  half  of  the  state. 
At  each  of  these  213  locations,  four  readings  were  taken 

1.  Sand  1  =  Sand  patch  reading  in  the  wheel  path, 

2.  Putty  1  -  Putty  reading  in  the  wheel  path, 

3.  Sand  2  =  Sand  patch  reading  between  wheel  paths  and 

4.  Putty  2  =  Putty  reading  between  wheel  paths. 

Sand  patch  measurements  were  taken  in  accordance  with  specifications 
set  forth  (  41  ) .  Putty  measurements  were  taken  according  to  procedures 
outlined  in  "Appendix  B. 

The  pavement  surfaces  at  these  213  locations  consisted  of  asphaltic 
concrete,  seal  coats,  portland  cement  concrete,  and  other  materials  (e.g., 
brick  surfaces).  In  all,  125  sets  of  measurements  were  taken  on  asphaltic 
concrete,  50  on  seal  coats,  23  on  portland  cement  concrete  and  15  on  other 
surfaces.  The  data  in  Table  20  indicate  that  the  putty  method  consistently 
yields  higher  reading  than  the  sand  patch  method.  For  example,  the  average 
"in  path"  texture  reading  on  asphaltic  concrete  for  the  putty  method  is 
0.041  in  (1.04  mm);  for  the  sand  patch  method,  0.025  in  (0.635  mm). 
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Figure  196  is  a  graphical  representation  of  the  averages  (mean)  shown  in 
Table  20.  It  should  be  noted  that  the  "in  path"  putty  reading  for  asphaltic 
concrete  in  Table  20,  0.041  in  (1.05  mm),  is  consistent  with  the  value  re- 
ported independently  in  Figure  194,  0.043  in  (1.09  mm). 

The  consistently  higher  readings  from  the  putty  method  bear  further 
explanation.  The  putty  method  of  measuring  surface  texture  involved  the  use 
of  a  known  amount  of  silicone  putty  pressed  into  the  surface  for  a  known 
length  of  time  by  a  known  dead  weight.  A  change  in  any  of  the  factors  -- 
amount  of  putty,  weight  or  length  of  weighted  time  --  could  influence  the 
resulting  diameter  of  the  putty  impression  patty.  The  factor  most  likely  to 
vary  is  the  weighted  time  which  would  be  influenced  by  the  operator's  timing 
and  technique.  On  busy  highways  the  tendency  would  be  to  rush  the  test,  re- 
sulting in  less  spread  of  the  putty  patty.  Due  to  the  inverse  relation  of 
texture  depth  to  putty  diameter  the  resulting  texture  depth  measurement  would 
be  higher  than  in  actuality.  This  seems  to  be  the  most  likely  explanation  of 
the  discrepancy.  Texture  depths  measured  on  similar  pavements  using  the 
Silicone  Putty  Method  for  a  previous  study  (42)   compared  favorably  with  the 
sand  patch  data  produced  for  this  study.  These  similar  data  are  presented  in 
Figure  197,  and  the  comparison  can  be  seen  in  Figure  196. 

Water  Depths  on  Multilane  Highways  with  Different  Cross  Slopes 

Based  on  experimental  studies  of  water  film  depths  on  pavements  at  Texas 
A&M  University,  the  following  empirical  expression  for  water  film  depths  was 
determined  by  regression  analysis 

WD  =   (3.38  x  10'3)(TXD0-11)(L0-43)(I0-59)(^)°-42J  -  TXD     Eq  (16) 

where   WD  =  Water  depth  above  asperities  in  inches  (mm/25.4) 

TXD  =  Pavement  texture  depth  in  inches  (mm/25.4)  (putty  test) 
L  =  Length  of  flow  in  feet  (m/0.305)       mm 
I  =  Rainfall  intensity  in  inches  per  hour  (05  4/h) 

S  =  Slope  of  drainage  path  in  feet  per  foot  (m/m) . 

The  equation  is  applicable  to  laminar  flow  conditions  generally.  For  laminar 
flow,  an  expression  for  water  depth  may  be  derived  considering  the  forces 
acting  on  a  liquid  column  of  unit  area  above  the  plane  A-A1  in  Figure  198. 
The  shear  stress  above  the  plane  A-A'  due  to  the  weight  component  of  the 
liquid  in  the  direction  of  flow  is 

t0  =  Y(d-y)S  Eq  (37) 

where   T0  =  Bottom  shear  stress  (F/L  ) 

Y  =  Unit  weight  of  liquid  (F/L3). 
Newton's  law  of  viscosity  may  be  written  as: 
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Water  film  surface 


Figure  198.  Laminar  flow  conditions 
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2 
where    y  =  Absolute  viscosity  of  the  liquid  (FT/L  ) 

^-  =  Rate  of  change  of  velocity  in  the  y  direction  (L/T  ) 

dv 
dy 

t  =  Y  (d-y)S  =  bottom  shear  stress  due  to  weight  of  liquid. 


=  (Newtonian  Shear  Stress  equation)  =  bottom  shear  stress 


y(d-y)S  =  y 


Equating  the  two  expressions  gives 

dv 
dy 

dv  =  -^  (d-y)dy.  Eq  (39) 

Integrating  and  evaluating  the  constant  of  integration  for  the  condition 
that  v  =  0  when  y  =  0 

v  =  ^  (yd  -  y2/2) 

which  indicates  a  parabolic  velocity  distribution  in  the  vertical  direction 
The  mean  velocity,  Vm,  is  2/3  v   which  occurs  at  y  =  d.  Substituting 
d  =  y  and  multiplying  by  2/3  gives 

\/m  _  ySd 
Vm  =  -^ —  , 

3y 

For  a  unit  width,  the  area  of  flow  is  equal  to  d  and  the  discharge  per  unit 
width  is 

The  profile  of  the  sheet  flow  due  to  rainfall  may  be  found  by  equating 
Equation  40  and  the  expression  for  discharge  per  unit  width  from  rainfall 
which  is 

q  =  IL 
where      I  =  Rainfall  supply  rate  (L/T)  Eq  (40a) 

L  =  Length  of  supply  (L), 
Combining  Equation  40  and  Equation  40a  gives 

--\y.3  Eq  (41) 


■W 


The  theoretical  expression  (Equation  41)  may  be  compared  with  the 
empirical  expression  (Equation  16),  and  it  may  be  seen  that  d  is  a  function 
if  I,  L,  and  1/S  to  the  1/3  power  for  the  theoretical  expression  whereas  d 
is  a  function  of  10-59,  L0.43,  and  (1/S)0-42  in  the  enpirical  expression. 

Example  Calculation  for  Theoretical  Water  Depth 

Calculate  water  depths  at  points  A,  B,  C  and  D  for  Cases  1  and  2  in 
Figure  199  using  the  theoretical  expression  (Equation  41)  and  the  empirical 
equation  (Equation  16). 
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Case  1 


12  ft 

12  ft 

12  ft 

12  ft 

(3.7  m) 

(3.7  m) 

(3.7  m) 

(3.7  m) 

f 

0.96  ft 
(0.29  m) 
f 

D 

Z^ 

2%  slope 

B . — 

J— 

Case  2 


12  ft 


12  ft 


(3.7m) 


0.24  ft 
(0.073  m) 


12  ft 


1?  ft 


(3.7  m) 


0.06  ft 
(0.018  m) 


=  0.5% 


Segments  of  parabolic  vertical  curve 


Given: 


Rainfall   intensity  =  1   in/h     (25.4  mm/h) 
Texture  =  0.035  in  (0.9  mm) 

Water  temperature     =  70°F  (21°C) 


Figure  199.  Example  of  comparative  water  depths  on  multilane  highways 
with  different  cross  slopes 
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Example  Case  2 


dt  = 


3yIL 


YS 


1/3 


(3)(2.05x  10~5)(0.0833)(12) 
(3600)(62.4)(0.005) 


1/3 


=  3.80  x 


10"3  ft 


d     at  12  ft  (3.7  m)  for  a  slope  of  0.5  percent  =  0.046  in   (1.168  mm). 
Note:     Rainfall    intensity  I  =  1    in/h     (25.4  mm/h)  =  0.0833  ft/3600  sec. 

Example  Case  2 

At  a  distance  of  24  ft  (7.3  m)    (slope  of  0.5  percent  for  12  ft  (3.7  m) 
and  1.5  percent  for  12  ft  (3.7  m)   the  water  depth  is 


dt  = 


(3)(2.05  x  10":3)(0.0833)(24) 
(3600)(62.4)(0.015) 


1/3' 


=  3.32  x  10"3  ft 


=     0.040  in   (1.02  mm). 

Example  Case  2 

Calculation  for  empirical  water  depth 


dT  = 


(3.38xl0-3)(TXD0-11)(L°-43)(I°'59)(|)0-42. 


(3.38  x  10"3)(0.0350J1)(12°-43)(l0-59)( 


1 


0.005 


-  TXD 
0.042 


-  0.035 


=  0.028  in  (0.711  mm) 


A  comparison  of  Case  1  and  Case  2  from  Table  21  indicates  that  maximum 
water  depths  are  approximately  the  same  for  the  two  cases  but  these  maximum 
depths  occur  at  different  points  of  the  flow.  The  depth  dR  (empirical  depth 
with  respect  to  the  bottom  of  the  texture)  when  compared  with  the  theoretical 
depth  d.  (measured  above  a  plane  surface)  is  larger  than  the  depth  dT,  which 
is  to  be  expected. 

* 

Mote:  The  question  may  arise  as  to  what  cross  slope  to  use  in  the  calculation 
of  d^.  This  may  be  related  to  a  back  water  curve  computation  such  as  the 
Standard  Step  Procedure  as  outlined  in  Open  Channel  Hydraulics  by  V.  T.  Chow, 
McGraw-Hill,  1959,  p.  269;  however,  this  approach  does  not  apply  if  the  depth 
approaches  normal  depth  or  starts  at  normal  depth.  In  Case  2  the  upstream 
slope  was  used  at  the  break  in  grade.  This  gives  a  conservative  water  film 
depth  which  exceeds  the  probable  actual  depth  at  the  break  in  grade  where  the 
grade  changes  from  0.5  percent  to  1.5  percent.  Where  the  grade  change  is  1.5 
percent  to  2.5  percent  the  depth  computed  using  the  1.5  percent  will  be  yery 
close  to  the  actual  depth  and  the  distance  used  to  compute  this  depth  must  be 
24  feet  (7.9  m)  to  get  the  proper  supply  rate  q. 
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Table  21.  Comparison  of  theoretical  water  depths 
with  water  depths  from  the  empirical 
equation  at  several  points  along  the 
slope. 


Point 

Case  1 

Case  2 

dt 

dB 

dT 

dt 

dT 

A 
B 
C 
D 

0.029 
0.036 
0.041 
0.046 

0.035 
0.047 
0.056 
0.064 

0.000 
0.012 
0.021 
0.029* 

0.046 
0.040 
0.038 
0.038 

0.063 
0.053 
0.051 
0.050 

0.028* 
0.018 
0.016 
0.015 

*Maximum  water  depth 


Note:  All  depths  are  listed  in  inches  for  d.  =  theoretical 
depth,  dT  =  empirical  depth  with  respect  to  top  of 
asperities,  and  dB  =  empirical  depth  with  respect  to 
bottom  of  texture.  The  water  depths  listed  are  for 
I  =  1  in/h  (25.4  mm/h  ) ,  water  temperature  =  70  F 
(21°C),  and  T  =  0.035  in  (0.9  mm). 
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CHAPTER  VII 

DESIGN  OF  SAG-VERTICAL  CURVES  TO 
REDUCE  HYDROPLANING 

Design  Criteria  for  Drainage  of  Sag-Vertical  Curves 

In  order  to  examine  the  present  practices  with  regard  to  sag-vertical 
curve  design  to  minimize  hydroplaning,  a  questionnaire  was  sent  to  nine  state 
design  engineers.  A  summary  of  the  significant  findings  of  this  survey  are 
listed  below. 

1.  No  wet-weather  speed  limits  are  currently  in  use. 

2.  Surface  drainage  is  a  significant  design  consideration  in  most  states 

3.  Mo  special  drainage  considerations  are  given  to  sag-vertical  curves. 

4.  A  storm  recurrence  interval  of  8-15  years  is  commonly  used. 

5.  A  maximum  water-film  depth  criterion  is  not  currently  being  applied 
in  the  design  process. 

6.  Maximum  flow-path  length  is  used  as  a  design  criterion  by  about 
20  percent  of  the  states. 

7.  A  thirty -six  foot  (11  m)  maximum  width  of  drainage  in  one  direction 
is  common. 

8.  Cross-slope  criteria  for  sag-vertical  curves  were  also  typical  of 
standard  criteria  for  tangent  sections. 

9.  Few  attempts  have  been  made  to  incorporate  experimental  drainage 
features  at  critical  drainage  locations  (i .e.,  sag-vertical  curves) . 
Those  states  whose  policy  prescribes  the  use  of  a  storm  recurrence 
design  interval  also  encourages  increasing  the  design  interval  for 
underpasses  and  intersection  design  for  sag-vertical  curves. 

Based  on  a  review  of  the  AASHTO  standards,  the  input  from  state  design  en- 
gineers and  engineering  judgment,  a  tentative  design  criterion  for  sag-ver- 
tical curves  has  been  prepared.  These  criteria  are  presented  in  Table  22  . 

Some  of  the  criteria  in  Table  22  are  based  on  judgment.  These  must  be 
applied  and  evaluated  to  confirm  their  utility  in  the  design  process. 

Innovative  Drainage  Concepts  for  Sag-Vertical  Curves 

Hydroplaning  has  been  identified  as  a  contributing  factor  and  possibly 
the  principal  causative  factor  in  many  high-speed,  loss-of-control  accidents 
Dynamic  hydroplaning  occurs  when  water  separates  the  tire  from  the  pavement 
due  to  the  forceful  interaction  of  the  tire,  water  and  pavement  (43).  When 
the  thickness  of  the  water  film  exceeds  the  height  of  the  asperities  of  the 
surface  aggregate,  steering  control  may  be  lost  at  high  speeds.  It  is  ap- 
parent that  the  removal  of  the  water  so  as  to  reduce  the  water- film  thick- 
ness is  the  key  to  reducing  hydroplaning  accidents. 

Sag-vertical  curves  on  modern  highways  are  particularly  susceptible  to 
water  accumulation.  The  two  grades  direct  the  runoff  toward  the  bottom  of 
the  curve.  The  lack  of  longitudinal  grade  at  the  low  point  of  the  curve 
requires  that  the  accumulated  water  must  drain  across  the  pavement.  The 
efficiency  of  the  drainage  system  could  be  a  critical  part  of  reducing  the 
hydroplaning  potential  of  sag-vertical  curves.  This  section  presents  the 
findings  from  the  research  effort  involved. 
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Table  22.   Tentative  sag-vertical  curve  drainage  design 
criteria  based  on  a  survey  of  existing  practice 


Design  Element 

Desirable  Design 

Minimum  Design 

Maximum  pavement  width 
for  one  way  drainage 

36  ft  (11  m) 

36  to  48  ft 
(11  to  14.6  m) 

Maximum  inlet  spacing 

50-200  ft 
(15  to  61  m) 

300  to  500  ft 
(91  to  152  m) 

Storm  recurrence  design 
interval  with  crossroad 
intersection  with  under- 
pass structure 

25  year 
25-50  year 
25-50  year 

10  year 
10-25  year 
25  year 

Channelized  curb  flow 
encroachment 

Containing  ponding 
on  the  shoulder. 

Containing  ponding 
on  the  shoulder  and 
1/2  of  the  extreme 
right  lane 

Increase  in  roughness 
coefficient  (Manning's  N) 
for  various  materials  due 
to  small  gutter  slopes 

0.005 

0.002 

Pavement  cross  slope  for  sag- 
vertical  curve  section 

Slight  increase 
in  cross  slope 

No  increase  in 
cross  slope 

Objectives 

The  objectives  of  this  phase  of  the  research  program  were  to: 

1.  Develop  innovative  drainage  concepts  and  improvements  to  existing 
drainage  design  for  sag- vertical  curves, 

2.  Develop  concepts  for  surface  drainage  that  intercept  the  water  at 
intermediate  locations  between  the  outer  edges  of  wide,  multiple 
lane  pavements  and 

3.  Identify  feasible  remedial  measures  for  existing  curbs  and  other 
structures  and  for  pavement  distortions  because  of  rutting  and/or 
subgrade  heaving  and  swelling  where  they  impede  the  rapid  removal 
of  water  from  the  pavement  surface. 


Generalized  Work  Plan 

To  achieve  the  objectives,  a  work  plan  was  conceived  that  includes 
seven  basic  steps.  These  are 

1.  Identify  innovative  surface  drainage  techniques, 

2.  Evaluate  innovative  surface  drainage  techniques  for  practicality, 

3.  Evaluate  the  interaction  between  grade,  pavement  cross  slope 
and  pavement  deformations, 

4.  Rank  innovative  surface  drainage  techniques  in  accordance  with  their 
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ability  to  reduce  the  water  accumulation  on  the  surface  and 
to  minimize  the  associated  maintenance, 

5.  Recommend  a  surface  drainage  technique  for  the  design  of  sag- 
vertical  curves, 

6.  Review  the  alternatives  for  curbs  and 

7.  Recommend  remedial  treatments  for  sag-vertical  curves  with  curbs. 

The  remainder  of  this  document  will  be  organized  around  these  seven  points. 

Step  1  -  Identify  Innovative  Surface  Drainage  Techniques 

The  removal  of  water  from  the  pavement  surface  can,  in  concept  at 
least,  be  accomplished  in  two  ways:  1)  over-the-surface  drainage  and/or 
2)  through- the-pavement  drainage.  Through- the-pavement  drainage  can  be 
accomplished  in  two  basic  ways:  First,  drainage  through  an  open-graded 
asphalt  friction  course  and  secondly  by  intercepting  the  water  runoff 
through  drop  inlets  on  the  surface  of  the  pavement.  The  basic  concepts  are 
incorporated  in  seven  innovative  drainage  concepts  which  can  be  adapted  to 
two-lane  pavements  or  multi-lane  facilities  (See  Figures  200  through  206). 

While  not  an  innovative  technique,  the  raising  of  the  grade  through- 
out the  sag  vertical  can  provide  a  larger  drainage  capacity  of  adjacent 
drainage  facilities  and  reduce  the  probability  of  surface  flooding. 
Increasing  the  grade  does  not  reduce  the  need  for  adequate  cross  slope  on 
the  pavement  surface  or  adequate  downstream  drainage  capacity. 

Step  2  -  Evaluate  Innovative  Surface  Drainage  Techniques  For  Practicality 

Many  of  these  innovative  concepts  depend  on  open-graded  pavements  in 
part  or  totally  for  surface  drainage.  The  first  step  then  becomes  one  of 
identifying  the  amount  of  runoff  or  discharge  (directly  related  to  rainfall 
intensity)  that  can  be  accommodated  through  open-graded  pavements.  This 
requires  an  estimate  of  the  drainage  capacity  of  the  open-graded  mixture. 
Based  on  experimentally  determined  values,  for  a  pavement  with  a  2  percent 
cross  slope  and  a  zero  grade,  research  shows  flooding  occurs  on  an  open- 
graded  paving  mixture  1  inch  (2.5  cm)  thick,  12  feet  (3.7  m)  wide  composed 
of  0.3  inch  (7.6  mm)  aggregate  if  the  rainfall  intensity  is  in  the 
approximate  range  of  0.3  to  0.5  in/h,  (8  to  13  mm/h)(  9_). 

The  drainage  capacity  of  the  permeable  pavements  and  the  water  flow 
velocity  through  them  can  be  estimated  from  the  above  information  and  the 
following  assumptions: 

Assumptions 

1.  Fifteen  percent  of  the  cross-sectional  area  is  available  to  remove 
surface  water, 

2.  There  is  adequate  drainage  capacity  at  the  shoulder  or  edge  of  the 
open-graded  pavement  section, 

3.  The  critical  rainfall  intensity  is  0.35  in/h  (9  mm/h)  (capacity  of 
open-graded  mixture), 

4.  There  is  no  longitudinal  grade  and 

5.  The  rainfall  is  uniformly  distributed  on  the  pavement. 
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A-^h 

B 

* 

1 

IS 


d* 


Section  A-A 


■*n 


IT 


Open  topped  drainage  pipes 
inlaid  in  the  pavement. 


=J 


Slope,  S,  is  dependent  upon  grade, 


Section  B-B 


Figure  200. Surface  transverse  slotted  pipe, 
System  A 

d  is  dependent  on  the  design  rain  discharge  and  grade. 


ADVANTAGES 
Continuous  draining. 
Can  be  extended  on  overlays. 
Pipes  dump  directly  into  ditches. 
Large  drainage  capacity. 


DISADVANTAGES 

-  Rough  surface  (joints). 

-  Difficult  construction. 

-  Possible  clogging. 

-  If  longitudinal  pipes  are  used, 
they  can  be  hazardous  to  motor- 
cycles and  bicycles. 

-  Reduced  friction  on  pipe. 

-  Lack  of  adaptability  to 
asphaltic  concrete  (AC) 
compaction  could  create  frequent 
ponding  in  the  wheel  path. 

-  Requires  special  treatment  on 
overlays. 
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Figure  201.  Surface  drop  inlets, 
System. B 

*  d  is  dependent  on  the  design  rain  discharge,  and  longitudinal  grade 


ADVANTAGES 
-  Can  be  extended  on  overlays. 


DISADVANTAGES 

-  Rough  surface. 

-  Ponding  around  drain  occurs 
in  the  middle  of  the  roadway 
which  is  critical . 

-  Must  have  storm  sewer  system 
under  the  inlet. 

-  Reduce  friction  on  grates. 

-  Could  be  hazardous  to  motor- 
cycles and  bicycles. 

-  Additional  noise. 
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Figure  202.  Subsurface  drop  inlet. 
System  C 


*  T  and  d  are  dependent  on  design  rain  and  discharge.  Note:  slotted 
pipe  could  be  substituted  for  the  drop  inlet  and  run  longitudinally 
for  continuous  drainage. 


ADVANTAGES 

Permeable  layer  provides 

natural  filter.  Clogging 

by  large  material  less  likely. 

Continuous  drainage  if  slotted 
pipe  used. 

Fast  and  effective  drainage. 

Edge  drainage  as  well  as 
subsurface  drainage. 


DISADVANTAGES 

If  clogged  difficult  to  correct, 

For  drop  inlet  a  storm  sewer 
system  must  be  used. 

Relatively  low  hydraulic 
capacity  (i.e.,  15%  of  area 
available  to  move  water). 
Therefore,  only  suitable  for 
low  intensity  rainfalls. 
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Figure  203.  Subsurface  directional  berm, 
System  D 

*  d  is  dependent  on  the  design  rain  and  discharge. 


ADVANTAGES 

No  subdrain  system 
needed. 

Continuous  drainage. 

Overlays  easy. 


DISADVANTAGES 
-  Difficult  construction 
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Figure  204.  Subsurface  cross-slope 
drainage,    System  E 


ADVANTAGES^ 

Clogging  limited. 

No  surface  water  present 
up  to  drainage  capacity  of 
permeable  layer. 


DISADVANTAGES 

-  Difficult  to  overlay. 

-  Amount  of  drainage  through 
permeable  layer  limited. 
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Figure  205. Subsurface  channel  drainage, 
System  F 

T  dependent  upon  design  rainfall  and  drainage  length. 


a.  Cut  channels  in  old  road  along  contour  lines 
approximately  3  by  8  in  (76  by  203  mm). 

b.  Fill  contours  with  permeable  open-graded  AC. 

c.  Top  with  permeable  open-graded  mixture. 


ADVANTAGES 

-  Can  be  used  on  exposed 
concrete  pavement  or 
asphalt  pavement. 

-  Clogging  unlikely. 

-  No  surface  water  during 
moderate  rains. 


DISADVANTAGES 

Cutting  involved  in  the 
construction  phase. 

Drainage  capacity  less  than 
15%  of  channel  cross  section 
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Figure  206.  Subsurface  individual-lane 
drainage,  System  G 


ADVANTAGES 

Clogging  less  likely  than 
slotted  drain.  - 

No  surface  water  during 
moderate  rains. 

Multi-lane  configuration. 


DISADVANTAGES 

-  Difficult  construction. 

-  Back  slopes  must  be  long 
therefore,  difficult  in  a  cut 
section. 

-  If  clogging  occurs  then  it  is 
difficult  to  correct. 
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1  ft  (0.305  m)  Unit  length 


2%   cress  slope 


(25  mm)  


15%  permeable  voids 
(area  available  to 
remove  water) 


Drainage  path 


Figure  207.  Longitudinal  cross  section 

The  drainage  capacity,  Q,  needed  for  a  pavement  unit  length  of  one  foot 
(0.305  m) ,  12  feet  (3.7  m)  wide  (See  Figure  207)  can  be  calculated  as  follows 
from  the  above  assumptions: 

Q  =  IPA  =  0.35  ft3/h  (0.01  m3/h)  Eq  (42) 

in  which 

Q  is   the  outflow,   ft3/h  (m3/h), 

I   is  the  rainfall    intensity,  0.35  in  /h  (9  mm/h),  and 

P^  is  the  pavement  area  being  drained,   ft2(m2). 

The  expected  velocity  through  the  one  inch  (25.4  mm)   thick  pavement 
of  unit  length  (longitudinal   cross-section  of  Figure  207    with  15  percent 
voids  can  be  calculated  from  this  drainage  capacity  as  follows: 


V  =  jj.  =  0.0078  ft/s   (2.38  mm/s) 


Eq  (43) 


in  which 


V  is  the  velocity,  ft/s  (mm/s),  and 

A  is  the  cross-sectional  area  of  the  voids,  ft2  (m2). 

Therefore,  the  approximate  velocity  of  water  through  the  open-graded 
mixture  is  0.0078  ft/s  (2.38  mm/s).  Moynahan,  et.  al.  (44)  reported  a 
velocity  of  0.002  ft/s  (0.61  mm/s)  for  dense  graded  aggregate.  Thus,  the 
velocity  value  is  of  the  right  order  of  magnitude. 

The  thickness  of  the  open-graded  mixture  needed  to  facilitate  drainage 
can  be  estimated  from  an  assumed  horizontal  velocity  of  0.0078  ft/s 
(2.38  mm/s).  The  thickness  continuously  increases  with  drainage  path 
length  to  a  maximum  t!  at  the  pavement  edge  as  shown  in  Figure  208.  The 
thickness  t',  can  be  calculated  as  follows  by  using  the  same  cross  section 
as  shown  in  Figure  207; 


227 


Q  = 
v  = 

A  = 
PA  = 
in  which 


VA  =  IP 
0.0078 


A 
ft 


(2.37  mm/s) 


0.15  t'y 
Ly 


t'  is  the  open-graded  layer  thickness,  in  (mm),  and 
y  is  the  unit  longitudinal  length  of  the  pavement  section 
one  foot  (0.305m). 

I 


L  =  Drainage  ,  path  length,  ft. 


V  — 


Open-graded 
mix  AC 


Dense  mix  AC 

or 
Open-graded  mix 


Figure  208.  Thickness  of  open-graded  pavements 


Solving  Equation  43  for  t'  the  resulting  equation  is 
IL 


t'   = 


4.21 


Eq   (44) 


Calculations  from  Equation  (44)  are  shown  in  Table  23. 


Table  23.     Required  thickness  of  open-graded  pavement  for 
selected  rainfalls,   inches   (mm) 


Drainage  Path 

Length,  L, 
feet      metres 


Rainfall    Intensity 
in/h  (mm/h) 
0.2   (5)       0.5   (13)         1.0  (25)       1.5  (38)       2.0  (51) 
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It  is  apparent  from  Table  23  that  for  design  rainfalls  exceeding 
about  1  inch  (2  5  mm)  per  hour  and  drainage  lengths  exceeding  24  feet 
(7.3  m)  the  required  thickness  becomes  excessive.  Based  on  this  analysis, 
a  1.5  inch  (3  8  mm)  thickness  of  open-graded  mix  is  recommended  for 
drainage  of  a  single  lane;  3  inch  (7  6  mm)  thickness  for  the  drainage 
of  two  lanes;  and  4.5  inch  (114  mm)  thickness  for  drainage  of  three  lanes. 
The  minimum  cross  slope  should  be  two  percent  in  each  instance. 

Where  variable  thickness  open-graded  overlays  are  used,  the  minimum 
thickness  should  be  one  inch  (  25  mm)  and  the  maximum  thickness  should  be 
consistent  with  the  criteria  presented  above.  The  decision  to  increase  the 
thickness  of  the  open-graded  mix  carries  with  it  a  requirement  to  provide 
adequate  drainage  to  the  edge  of  the  side  slope.  In  cut  sections  and  in 
the  median,  this  can  mean  the  use  of  subsurface-drainage  systems.  Another 
significant  factor  to  consider  is  the  increased  susceptibility  to  compaction 
on  the  part  of  open-graded  mixtures.  This  factor  limits  the  effective 
thickness  of  open-graded  paving  mixtures  to  about  4.5  inches  (  114  mm). 
Even  in  this  instance  frequent  maintenance  may  be  required  to  eliminate 
excessive  wheel  path  depressions. 

The  data  presented  in  Table  23  illustrate  that  through-the-pavement 
drainage  using  an  open-graded  surface  is  very   limited.  This  combined  with  the 
accumulation  of  debris  and  possible  compaction  of  the  mix  requires  that 
adequate  cross  slope  of  the  pavement  surface  be  maintained.  As  indicated 
in  subsequent  paragraphs,  a  minimum  2  percent  cross  slope  is  recommended 
for  all  highway  pavements. 

Step  3  -  Evaluate  The  Interaction  Between  Grade,  Pavement  Cross  Slope, 
and  Pavement  Deformations 

A.  Effect  of  Wheel  Path  Depression  on  the  Critical  Drainage  Path  Length 

Wheel  path  depressions  interrupt  the  normal  flow  pattern  and  can,  if 
excessive,  completely  alter  the  drainage  pattern  on  the  pavement  surface. 
This  section  attempts  to  define  the  conditions  under  which  the  wheel  path 
depressions  restrict  the  normal  drainage  path. 

Basic  Assumptions 

There  are  two  basic  assumptions  in  the  analysis  process  that  are 
necessary:  1)  the  minimum  cross  slope  to  provide  drainage  is  0.5  percent 
and  2)  the  wheel  path  depression,  WPD,  is  two  feet  (0.6  m)  wide. 

From  the  basic  assumptions  and  Figure  209, 

WPD  =  S  |  -  0.005  j.  Eq  (45) 

Observed  wheel  path  depressions  have  been  determined  as  a  part 
of  this  research.*  These  data  are  for  asphalt  surfaces  on  two  lane  highways. 
The  data  reveal  that  the  85th  percentile  wheel  path  depression  is  0.3  inches 
(7.6  mm).  Assuming  that  a  minimum  cross  slope  of  0.005  is  required  to 
provide  adequate  cross  drainage  and  that  the  wheel  path  depression  is 
approximately  two  feet  wide,  the  cross  slope  required  to  provide  minimum 
drainage  on  two  lane  rural  highways  of  asphalt  construction  can  be  determined. 


fSee  Chapter  VI 
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Figure  209.     Basic  geometry  of  wheel  path  depression 
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From  Equation  45,  and  for  a  wheel  path  depression  width  of  2  feet  (0.6  m) 
WPD  =  (S  -  0.005)  (12) 

in  which 

WPD  is  the  wheel  path  depression,  in  (mm),  and 

S  is  the  pavement  cross  slope  in  ft/ft  (m/m). 
Thus,  the  critical  cross  slope,  S  ,  is 


S  = 
c 


WPD  +   0.06 
12 


Eq  (47) 


For  the  85th  percentile  depression,  0.3  in  (7.6  mm), 

c    0.3  +  0.06   n  n,    , 

Sc  =  yp =  0-03  or  3  percent. 

For  the  95th  percentile  depression,  0.4  in  (10  mm), 

S  =  — - — yf1 —  =  0-038  or  3.8  percent,  say,  4  percent. 

These  data  suggest  that  the  minimum  cross  slope  to  insure  adequate 
drainage  of  asphaltic  concrete  roadways  is  on  the  order  of  3  percent. 

This  approach  can  also  be  used  to  establish  the  maximum  allowable  wheel- 
path  depression  prior  to  resurfacing  to  remove  the  depression.  The  resulting 
maximum  wheel  path  depressions  for  various  cross  slope  values  are  presented  in 
Table  24. 

Table  24.  Allowable  wheel  path  depressions 


Cross  Slope 

% 

Maximum  Wheel  Path 

Depression 

in.       mm 

1 
2 
3 

4 

0.06       1.5 
0.18       4.6 
0.30       7.6 
0.42      10.7 

i.  Critical  Drainage  Path  Length  in  Highway  Hydroplaning 
lasic  Equation 


WD  =  0.00338 


TXD  °'11   L0-43   I0,59 
702 


-  TXD 


Eq  (16) 


where 


WD  =  water  depth  above  the  top  of  the  aggregate,  in  (mm/25.4) 
TXD  =  texture  depth  of  pavement,  in  (mm/25.4), 
L  =  length  of  the  drainage  path,  feet  (m/0.305), 


mm 


I  =  intensity  of  the  rainfall,   in  /h  (-ynj-^/h)*  and 
S  =  cross  slope  of  pavement,   ft/ ft   (m/m). 

If  the  above  equation  is  solved  for  L,   the  result  is 


L  = 


(WD  +  TXD)   S 


0.42 


0.11    0.59 
0.00338  TXD         I 


1 


0.43 
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and  suitable  numerical  values  of  the  variables  are 

1.  Critical  hydroplaning  depth  WD  =  0.06  inches  (1.52  mm); 

2.  Desirable  water  depth  WD  =  0.0  inches  (0  mm); 

3.  Texture  depth  TXD  =  0.01,  0.03,  0.06  inches  (0.25,  0.76,  1.52  mm); 

4.  Cross  slope  S  =  0.010,  0.015,  0.020;  and 

5.  Rainfall  intensity  I  =  0.15,  0.35,  0.50,  0.75,  1.0  in  /h 
(3.8,  8.9,  12.7,  19.0,  25.4  mm/h). 

Once  the  maximum  drainage  path  length  is  calculated  a  critical  grade  can  be 
found.  The  design  grade  cannot  exceed  this  critical  grade  or  the  drainage 
path  length  becomes  excessive  and  flooding  results.  Therefore,  the  design 
grades  must  be  smaller  than  the  critical  grade  for  satisfactory  performance, 


The  calculations  for  the  critical  grade  are  as  foil 


ows 


Roadway 


-^ 


! 


e 


N  4, 


W  =  Pavement  drainage  width  ft  (m),  and 
g  =  Critical  grade,  percent. 

Figure  210.  Critical  grade  analysis 


From  Figure  210, 

■"W 
Cose  =  |-  and  Tane  =  gc/S;  therefore, 

2     2 

Tane  =  L  w"  W  =  gc/S  or  gc  =  jj-  [L  -  W  ]  Eq  (46) 

where:   gc  =  critical  grade       W  =  pavement  width 

S  =  cross  slope         |_  =  drainage  path  length. 
Figures  211  through  215  present  these  calculations  graphically. 

Findings  from  Drainage  Path  Analysis 

As  can  be  seen  from  Figures  211  through  215  the  critical  drainage  path 
length  is  very   sensitive  to  the  water  depth  assumed.  Desirably,  the  water 
depth  would  be  0.0  as  a  maximum  and  the  minimum  acceptable  condition  would 
be  about  0.06  in  (1.52  mm).  A  study  of  the  6  percent  normal  maximum  grade 
for  the  minimum  water  depth  of  0.06  in  (1.52  mm)  reveals  that  flooding  will 
not  occur  for  pavement  cross  slopes  of  2  percent  or  more.  Based  on  Figures  211 
through  215,  the  following  conclusions  are  drawn. 

1.  Water  buildup  on  pavements  up  to  36  feet  (11  m)  wide  will  not  be 
sufficient  to  induce  hydroplaning  for  cross  slopes  of  2  percent 
or  greater  and  rainfall  intensities  below  0.5  in  /h  (13  mm/h)  for 
the  assumed  critical  water  depth  of  0.06  in  (1.52  mm). 
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Figure  211.  Rainfall  intensity  vs.  critical  grade 
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Figure  212.  Rainfall  intensity  vs.  critical  grade 
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Figure  213.  Rainfall  intensity  vs.  critical  grade 
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Figure   214.       Rainfall   intensity  vs.  critical  grade 
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2.  Using  the  desirable  design  value  of  water  depth  of  0.0  in  (0  mm) 
results  in  critical  drainage  path  lengths  for  all  pavement  widths 
when  the  pavement  texture  depth  is  less  than  0.03  (0.8  mm).  For 
texture  depth  over  0.03  (0.8  mm)  no  hydroplaning  problem  would  be 
expected  for  two  lane  pavements.  Multi-lane  pavements  would  have  a 
tendency  to  flood  at  normally  expected  rainfall  intensities. 

3.  The  cross  slope  is  more  critical  than  texture  depth  when  the 
critical  water  depth  assumption  is  0.06  in  (1.52  mm).  With  the 
0.0  in  (0  mm)  critical  water  depth  assumption,  texture  depth 

is  equally  important  in  determining  the  critical  length  of  the 
drainage  path. 

4.  A  minimum  pavement  cross  slope  of  0.02  is  suggested  for  all  pavement 
sections. 

5.  The  desirable  design  assumption  suggests  the  combination  of  an 
open-graded  surface  course  (or  high  texture  surface)  and  the  0.02 
minimum  cross  slope. 

Step  4  -  Rank  Innovative  Surface-Drainage  Techniques 

The  seven  concepts  for  innovative  surface  drainage  systems  have  been 
subjectively  evaluated  in  Table  25  .  A  ranking  of  the  systems  is  provided 
in  Table  26  . 

Step  5  -  Recommend  A  Surface-Drainage  Technique  For  Sag-Vertical  Curves 

From  the  eight  criteria  in  Table  25,  the  subjective  evaluation  of  the 
surface-drainage  systems  suggests  that  the  three  open-graded  systems  without 
subdrain  systems  probably  have  the  greatest  potential  for  reducing  hydro- 
planing on  sag-vertical  curves.  The  drainage-path  analysis  suggests,  however, 
that  an  open-graded  paving  mixture  can  not  substitute  for  adequate  cross 
slope  of  the  pavement  section.  From  an  economic  point  of  view  there  are  real 
advantages  to  using  a  thin  lift  of  open-graded  mixture  (say  1  inch  or  25  mm) 
with  adequate  cross  slope  in  lieu  of  a  thicker  layer  of  open-graded  mixture 
with  little  or  no  cross  slope. 

Step  6  -  Review  The  Alternatives  For  Curbs 

Curbs  exist  on  many  older  highway  sections  which  exhibit  poor  drainage 
characteristics.  The  alternative  treatments  available  are 

1.  Provide  additional  drainage  capacity  on  the  pavement  surface. 

2.  Provide  additional  subsurface  drainage  inlets  in  or  near  the  curb. 

3.  Remove  the  curb  and  develop  a  drainage  system  off  the  main  highway 
lanes. 

The  first  of  these  alternative  treatments  has  been  discussed  in  detail  in 
Step  2.  The  general  conclusion  was  that  drainage  on  the  pavement  surface, 
except  through  the  use  of  open-graded  mixtures,  is  probably  not  practical 
for  high-speed  operating  conditions.  The  second  alternative  is  practical 
from  a  hydraulic  capacity  point  of  view  but  unsafe  on  high-speed  facilities. 
For  practical  purposes  the  removal  of  the  curb  and  development  of  drainage 
facilities  off  the  roadway  combined  with  providing  adequate  cross  slope 
to  insure  drainage  is,  therefore,  the  desirable  approach. 
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Table  25  .  Evaluation 

of  in 

novative 

systems 

EVALUATION 

A 

B 

C 

SYSTEM 
D 

E 

F 

G 

DESIRED 
QUALITY 

1. 

Adaptability  to  wheel  path 
depression 

N 

N 

Y 

Y 

Y 

Y 

Y 

Y 

2. 

Susceptibility  to  ponding 

H 

M 

L 

L 

L 

L 

L 

L 

3. 

Susceptibility  to  clogging 

L 

L 

M 

M 

M 

M 

M 

L 

4. 

Difficulty  of  construction 

H 

H 

H 

M 

L 

M 

H 

L 

5. 

Difficulty  of  overlaying 

H 

H 

L 

L 

L 

L 

L 

L 

6. 

Expected  degree  of  compaction 

L 

L 

M 

M 

M 

H 

H 

L 

7. 

Maintenance  cost 

H 

M 

L 

L 

L 

L 

M 

L 

8. 

Difficulty  in  adapting  to 
Portland  cement  concrete 
(PCC)  pavement 

H 

H 

M 

M 

L 

H 

H 

L 

TOTAL 

2 

3 

4.5 

5.5 

7 

5 

4 

N  =  no 
Y  =  yes 


L  =  low 

M  =  moderate 


H  =  high 


Table  26  .  Ranking  of  innovative  surface- 
drainage  systems  for  practicality 


RANK 

SYSTEM 

SYSTEM  NAME 

1  (Best) 

E 

Subsurface  Cross-Slope  Drainage 

2 

D 

Subsurface  Directional  Berm 

3 

F 

Subsurface  Channel  Drainage 

4 

C 

Subsurface  Drop  Inlet 

5 

G 

Subsurface  Individual  Lane  Drainage 

6 

B 

Surface  Drop  Inlets 

7  (Poorest) 

A 

Surface  Transverse  Slotted  Pipe 
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Step  7  -  Recommend  Remedial  Treatments  For  Sag-Vertical  Curves  With  Curbs 

The  use  of  curb  and  gutter  sections  on  older  highways  was  a  common 
practice.  For  reasons  of  safety,  this  practice  is  now  discouraged;  however, 
many  locations  still  exist  with  the  basic  curb  and  gutter  section.  Where 
such  designs  exhibit  a  tendency  to  flood  on  a  frequent  basis,  the  remedial 
treatment  recommended  includes 

1.  Removal  of  the  curb  and  replacement  with  a  slotted  subdrain 
system  on  a  paved  shoulder  if  required.  The  slotted  subdrain 
should  be  located  a  minimum  of  2  feet  (0.6  m)  from  the  edge  of  the 
traffic  lane.  As  an  alternative,  remove  the  curb  and  reshape 

the  cross  section  to  provide  a  drainage  channel  well  off  the 

traffic  lane.  This  channel  would  be  drained  down  the  grade  and 

into  a  drop  inlet  or  paved  ditch  near  the  low  point  of  the  curve  and 

2.  Resurfacing  to  increase  the  effective  cross  slope  to  a  minimum 
of  2  percent  if  the  present  cross  slope  is  less  than  1.5  percent. 
Concrete  pavements  not  requiring  an  overlay  may  also  require 
grooving  to  provide  sufficient  macrotexture. 

The  use  of  curbs  on  new  design  to  control  drainage  should  be  kept  to  a 
minimum  and  when  used  should  be  located  at  the  outside  edge  of  a  paved 
shoulder  of  sufficient  width  for  safe  operation.  The  minimum  shoulder 
widths  should  be  10  feet  (3m)  on  high-volume  (over  4000  VPD)  roadways, 
6  feet  (1.8  m)  intermediate  volume  roadways  (1000-4000  VPD)  and  2  feet 
(0.6  m)  on  low  volume  roadways  (below  1000  VPD).  Redirection  systems 
provided  at  such  locations  must  be  located  inside  (i.e.,  traffic  side)  of 
the  curb  or  immediately  over  the  curb  with  proper  approach  end  treatments. 

Recommended  Remedial  Treatments  for  Sag-Vertical  Curves  Subject  to  Flooding 

Based  on  the  findings  of  this  phase  of  the  research,  the  suggested 
criteria  for  remedial  treatment  of  sag-vertical  curves  is  presented  in 
Table  27.  Similar  criteria  for  new  designs  are  presented  in  Table  28. 

Summary  of  Major  Findings 

1.  Of  the  innovative  surface  drainage  systems  considered,  those  featuring 
a  permeable  surface  course  or  a  high  macrotexture  surface  course 
appear  to  have  the  highest  potential  for  reducing  hydroplaning  accidents. 

2.  Based  on  the  observed  flow  rates  through  the  open-graded  mixture,  the 
thickness  required  to  accommodate  drainage  through  the  pavement  for 
high  intensity  rainfalls  is  too  great  to  be  economically  feasible. 
Excessive  compaction  of  the  overlay  combined  with  a  reduced  probability 
of  high  rainfall  intensities  are  the  primary  reasons. 

3.  Pavement  cross  slope  is  the  dominate  factor  in  removing  water  from  the 
pavement  surface.  A  minimum  cross  slope  of  two  percent  is  recommended. 

4.  As  a  guideline,  a  wheel-path  depression  in  excess  of  0.2  inches  (5  mm) 
should  be  used  as  the  criterion  for  resurfacing  to  reduce  the  pavement 
drainage  problem  when  dense  AC  or  PCC  pavements  are  used. 

5.  The  most  likely  innovative  surface  drainage  systems  are  those  which 
involve  using  open-graded  AC  surface  courses  without  a  subdrain  system. 
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Table  27  .  Recommended  remedial  treatment  for  sag 
vertical  curves  subject  to  flooding 


PCC 
Pavements 

AC 
Pavements 

Cross  Slope 

Min.*  Max.  Desirable 

1%     2%             2% 

Min.*  Max.  Desirable 

V/o           2%     ■        2% 

Treatment  of  Surface 

Longitudinal  Grooving 
(Ref.  1)  0.1  inch 
(2.5  mm)  grooves  at 
0.8  inch  (20  mm)  centers 
to  a  maximum  depth  of 
0.2  inch  (5  mm). 

1  inch  (25  mm)  of  open- 
graded  AC  mix  or  a 
coarse  surface  treatment 
(maximum  aggregate  size 
0.4  inch)  (10  mm) 

Wheel  Path  Depression 

Max.  wheel  path  depression 
0.20  inch  (5  mm)  as 
measured  from  the  normal 
cross  slope  of  the 
pavement. 

Maximum  wheel  path 
depression  0.20  inch 
(5  mm)  as  measured  from 
the  normal  cross  slope 
of  the  pavement. 

*  The  minimum  should  be  used  only  when  the  rollover  between  adjacent  lanes 
becomes  excessive. 


Table  28 


Recommended  treatment  for  sag-vertical 
curves  in  new  construction 


PCC 

AC 

Pavements 

Pavements 

Cross  Slope 

2  percent 

2  percent 

Treatment  of 

High  texture  surface  using 

1  inch  (25  mm)  of 

Surface 

transverse  grooving  of 

open-graded  AC  mix  or 

fresh  concrete  by  metal 

a  coarse  surface  treat- 

tines. Spacing  of  tines 

ment  (maximum  size 

0.5  inches  (13  mm)  maximum 

aggregate  0.5  inches  or 

and  depth  of  groove, 

13  mm) . 

0.2  inches  (5  mm)  maximum 

depth  and  0.08  inches  (2  mm) 

minimum  depth.  (2) 
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6.  Surface  drains  located  parallel  to  the  lane  lines  will  probably  not 
solve  the  drainge  problem  due  to  the  wheel  path  depressions. 

7.  Transverse  surface  drains  located  on  the  pavement  surface  would 
probably  result  in  a  rough  pavement,  increase  maintenance  costs, 
and  increased  potential  for  ponding  water.  For  these  reasons,  such 
systems  are  not  recommended  for  general  use. 
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CHAPTER  VIII 

CRITERIA  TO  REDUCE  HYDROPLANING 

Based  on  the  information  developed  in  preceding  chapters,  a  clear 
definition  has  evolved  concerning  the  influence  of  different  factors  on 
the  full  loss  of  control  forces  (dynamic  hydroplaning).  It  is  of 
interest  now  to  estimate  the  range  and  distribution  of  these  factors  on 
the  highway.  Approximate  distributions  of  these  factors  are  given  in 
the  full  report.  The  approximate  50  percentile  values  of  these 
obviously  skewed  distributions  are 

TD  =  7/32  in  (5.6  mm) 
P  =  27  psi  (186  kPa) 
TXD  =  0.038  in  (0.96  mm). 

The  lower  seven  percentile  level  of  the  three  groups  is  approximately 

TD  £  2/32  in  (1.6  mm) 
P  £  18  psi  (124  kPa) 
TXD  <_  0.01  in  (0.25  mm). 

Two  plots  showing  the  distribution  of  texture  depth  in  1967  and  in 

1977  are  given  in  Figure  216.  The  difference  between  these  two  plots 

would  seem  to  show  a  remarkable  (and  certainly  appropriate)  increase  in 
texture  depths  in  one  state  over  the  past  ten  years. 

Note  that  the  plot  of  texture  depth  in  terms  of  roadway  distance  is 
not  the  same  as  exposure  rate  to  traffic  since  the  more  highly  traveled, 
and  thus  more  highly  polished  roads,  are  probably  biased  toward  the  lower 
texture  range.  Therefore, the  plot  given  is  probably  more  optimistic  than 
warranted  in  terms  of  actual  exposure  to  the  lower  texture  values.  The 
obvious  conclusion  is  that  significant  numbers  of  automobiles  are  traveling 
under  conditions  which  could  produce  hydroplaning  at  speeds  less  than  the 
current  speed  limit  of  55  mph  (88  km/h). 

However,  there  is  one  factor  that  makes  the  situation  less  critical 
than  our  initial  considerations  would  seem  to  indicate.  That  is  the 
comparative  rarity  of  rainfalls  intense  enough  to  sustain  significant 
positive  water  depths  on  the  road  surfaces. 

Table   9,  in  Chapter  II  ,  shows  the  overall  percentage  of  time  that 
highways  are  exposed  to  rainfall  of  different  intensities  for  Texas, 
Illinois  and  Alabama.  The  surprising  conclusion  from  these  data  is  that 
the  exposures  in  these  states  are  so  similar.  These  data  can  also  be 
estimated  for  other  states  and  regions  by  use  of  two  equations  which  fit 
Figures  18  and  21  reasonably  well . 

These  equations  are 
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(R  -  60)2 

T  =  0-041  -    '  7  cnn — 
w  87,500 

(1  in/y  =  25.4  mm/y) 

where   R  is  the  total  annual  rainfall  in  a  specific  region,  r; 

and   T  is  the  proportion  of  time  a  region  is  subjected  to  an  intensity 
w  of  rainfall  greater  than  0.01  in/h  (0.25  mm/h), 

0  0324 
and      Pi  =  ^-^  Eq  (48) 

(1  in/h  =  25.4  mm/h) 

where   P.  is  the  probability  of  the  occurrence  of  an  intensity,  I., 
during  a  period  of  rainfall.  1 

The  first  produces  an  estimate  of  the  proportion  of  time  a  region  is 
subjected  to  rainfall  equal  to  or  greater  than  0.01  in  (0.25  mm)  per  hour 
based  on  the  total  annual  rainfall.  The  second  is  what  appears  at  this 
stage  to  be  a  conservative  estimate  of  the  probability  of  observing  a 
specific  intensity  or  greater  during  a  period  of  rainfall.  These  two 
equations  can  be  combined  to  produce  an  estimate  of  the  proportion  of  time 
throughout  a  year  when  a  rainfall  of  specific  intensity  or  greater  may  be 
expected,  P  . ,  i.e. , 


or 


P  . 

n 
Pri 

=  P.  T 
1   w 

0.0324 
!i 

0.041  ■ 

(Rr  -  60)2 

87,500 

Eq  (49) 


(1  in/y  =  25.4  mm/y,  1  in/h  =  25.4  mm/h) 


At  this  stage  it  is  appropriate  to  discuss  the  selection  of  a  "design" 
rainfall  intensity.  The  purpose  of  a  "design"  intensity  is  twofold.  First, 
as  in  the  case  of  almost  all  highly  variable  natural  phenomena,  it  must  be  re- 
cognized that  it  is  not  practical  to  design  for  all  possible  events.  The  pre- 
cedent for  this  position  is  well  established  in  many  engineering  disciplines. 
Examples  are:  (1)  Traffic  -  the  design  of  geometries  for  the  85th  or  in 
some  cases  the  95th  percentile  traffic  speed;  (2)  Hydraulics  -  the  design 
of  facilities  based  on  a  25-year  flood;  and  (3)  Structures  -  the  design 
for  a  20-year  wind,  a  50-year  snowfall  or  a  100-year  earthquake. 

Second,  without  a  "design"  rainfall  intensity  it  is  impossible  to 
"design"  road  surfaces  to  preclude  hydroplaning.  Through  experience, 
relatively  standard  practices  have  emerged  which  have  reduced  the  hydro- 
planing event  to  a  fairly  low  probability;  but  no  comprehensive  "design" 
method  has  emerged  to  provide  a  real  direction  to  the  effort. 

Considering  ways  in  which  design  rainfalls  could  be  established,  two 
approaches  are  given,  with  obvious  preference  given  the  latter. 
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Approach  1 

Choose  a  reasonable  design  rainfall  intensity  and  ask  all  states  to 
design  and  maintain  highways  in  such  a  way  that  this  intensity  will  be 
accommodated.  For  example,  this  choice  might  be  based  on  the  average 
95th  percentile  rainfall  intensity  throughout  the  nation,  a  value  of 
approximately  0.5  in/h  (13  mm/h).  If  two  states  are  compared,  one  having 
a  great  deal  more  rainfall  than  the  other,  and  all  other  factors  being 
approximately  equal,  each  state  would  be  required  to  construct  and 
maintain  the  same  combinations  of  texture,  cross  slope  and  drainage  path 
length.  This  would  result  in  the  lower  rainfall  state  achieving  a  signi- 
ficantly lower  probability  of  hydroplaning,  or  a  much  lower  cost 
effectiveness  level  for  efforts  to  decrease  hydroplaning.  A  more 
versatile  approach  can  be  formulated  by  the  "regional  equalization  of 
probability"  concept;  that  is,  design  standards  which  would  equalize  the 
probability  of  hydroplaning  event  between  different  regions,  e.g.,  be- 
tween Nevada  and  Louisiana. 

To  do  this,  Table  29  illustrates  the  variables  which  must  be  con- 
sidered to  reduce  the  probability.  Note  only  three  of  these  factors  -- 
surface  texture,  surface  slope  and  drainage  path  length  --  may  be  con- 
sidered within  the  engineer's  control.  The  other  factors  must  be  treated 
from  the  standpoint  of  probability  as  will  be  demonstrated  in  the  fol- 
lowing approach. 


Table  29.  Variables  influencing  hydroplaning 

Factors  Within  Engineers  Control     Factors  Outside  Engineers  Control 

Surface  Texture  Rainfall 

Cross  Slope  Tire  Tread  Depths  and  Pressures 

Drainage  Path  Length  Vehicle  Speeds 


* 

Although  some  degree  of  influence  may  be  obtained  there  will  remain 
a  relatively  uncontrolled  variation  in  individual  vehicle  speeds. 


Approach  2 

Choose  a  reasonable  probability  level  of  precluding  hydroplaning  and 
compute  a  design  rainfall  intensity  for  each  state  or  geographic  area  to 
achieve  that  level . 

As  an  example,  consider  choosing  a  probability  level  of  one  in  one 
hundred  thousand.  This  means  the  highway  surface  would  be  constructed 
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and  maintained  in  a  particular  area  so  that  the  probability  of  hydro- 
planing would  exist  one  chance  in  one  hundred  thousand.  Choosing  for  the 
"design"  tread  depth,  the  minimum  legal  tire  tread  depth  of  2/32  in 
(1.6  mm),  this  depth  or  lower  occurs  on  7  percent  of  all  automobiles,  a 
probability  level  of  0.07.  For  consistency,  choosing  a  probability  level 
of  0.07  for  tire  pressure  results  in  a  design  tire  pressure  of  approxi- 
mately 18  psi  (124  kPa).  The  probability  of  vehicles  driving  speeds 
necessary  to  achieve  hydroplaning  with  these  tire  conditions  is  neglected 
on  the  grounds  that  the  legal  speed  limit  of  55  mph  (88  mm/h)  should  be 
accommodated,  and  this  speed  is  certainly  high  enough  to  allow  hydro- 
planing. At  this  combination  of  tire  pressure  and  tread  depth,  \/ery 
small  values  of  water  depth  can  cause  hydroplaning.  Thus,  a  \/ery   con- 
servative criterion  to  preclude  such  occurrence  would  be  the  allowance 
of  no  positive  water  depth  through  management  of  texture,  cross  slope 
and  drainage  path  length  when  the  highway  is  subjected  to  the  "design" 
rainfall  intensity. 

The  "design"  rainfall  intensity  may  be  computed  as  follows  based  on 
the  one  in  one  hundred  thousand  choice  of  probability  for  the  hydroplaning 
event. 


P  =  P+  x  P  x  P  . 
e    t    p    ri 


The  probability  of  a  specific  combination 
of  events  occurring  is  the  product  of  the 
probabilities  of  the  individual  events.* 


where 


P  = 


P.  = 


P  = 


n 


Probability  of  hydroplaning  event  _5 
(Selected  in  this  example  as  1  x  10  ) 
Probability  of  the  "design"  tread  depth 
(Selected  in  this  example  as  0.07) 
Probability  of  the  "design"  tire  pressure 
(Selected  in  this  example  as  0.07) 
Probability  of  the  "design"  rainfall  intensity 


Then  P  .  may  be  computed  as 


1  x  10 


-5 


ri   P.  x  ?n 

t    p 


7  x  10~2  x  7  x  10"2 


ri 


=  2  x  10" 


This  assumes  the  individual  factors  are  each  randomly  distributed 
and  vary  independently  from  each  other.  Since  the  variation  is  neglected, 
i.e.  the  probability  of  driving  55  mph  (88  km/h)  or  greater  is  con- 
servatively assumed  to  be  one,  the  actual  probability  of  the  hydroplaning 
event  is  even  less  than  the  amount  stated  here.  This  is  considered  most 
likely  since  the  rainfall  event  at  design  intensity  levels  reduces  visi- 
bility and  results  in  many  vehicles  slowing  down.  Others  slow  in  response 
to  the  knowledge  that  wet  pavements  make  vehicle  control  more  difficult. 


247 


If  the  region  we  are  considering  has  an  annual  rainfall,  R. ,  of  30  in, 
the  "design"  rainfall,  I,,  can  be  calculated  from  the  following  equation 


T    0.0324 
1    d~   Pri 

j  _  0.0324 
d  "  2  x  10"3 

j  _  32.4  x  10 
d  "  2  x  10"3 


-3 


0.041 


(R  -  60)' 


87,500 

2 


0.041  -  I30"  60) 


87,500 


[o.03l]  =  0.5  in/h, 


a  rainfall  intensity  that  can  be  accommodated  by  current  technology. 

Following  the  same  computational  method,  the  following  design  rain- 
fall intensities  would  be  selected  for  regions  of  the  country  having  the 
annual  rainfalls  given.  See  Table  30. 


Table  30.   Example  design  rainfall  intensities 


Annual  Rainfall 
in/y 


Design  Rainfall  Intensity 
in/h 


5 
10 
20 
30 
40 
50 
60 


0.10 
0.19 
0.37 
0.50 
0.60 
0.65 
0.66 


*This  equation  should  not  be  used  for  regions  where  the  annual  rainfall 
is  greater  than  60  in  (152  mm). 
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Although  it  would  be  more  precise  for  each  state  to  analyze  rainfall 
records  to  develop  a  state  or  regional  "design"  rainfall  intensity,  it 
appears  that  the  equations  developed  will  provide  reasonable  estimates. 

Once  the  "design"  rainfall  intensity  is  selected,  information  is 
available  which  will  allow  the  prediction  of  water  depth  on  the  pavement 
as  a  function  of  surface  slope,  runoff  length  and  texture.  For  example: 


WD  =  .00338 


[txd 


0.11  L0.43  jO.59  s-0.42 


] 


■TXD 


Eq  (16) 


where   WD  =  the  water  depth  above  the  top  of  the  surface  asperities 
in  inches  (25.4  mm) 
L  =  runoff  length  in  feet  (0.305  m) 
TXD  =  texture  depth  in  inches  (25.4  mm) 
I  =  rainfall  intensity  in  in/h  (25.4  mm/h) 
S  =  slope  of  surface  in  ft/ft. 

Curves  developed  using  this  equation  showing  acceptable  combinations  of 
cross  slope,  drainage  path  length  and  texture  depth  for  different  rainfall 
intensities  are  given  in  Figures  217  through  219  .  They  represent  com- 
binations of  the  critical  parameters  which  will  result  in  zero  water 
depths  on  a  road  surface.  Curves  of  this  type  can  be  used  to  formulate 
criteria  to  accommodate  specific  "design"  rainfall  intensities. 

For  a  state  or  region  having  an  annual  rainfall  of  30  in/y  (762  mm/y) 
criteria  could  take  the  form  shown  in  Table  31  .  This  is  based  on  a  rain- 
fall intensity  of  0.5  in/h  (13  mm/h)  as  developed  by  "Approach  2"  and  on 
the  curves  shown  in  Figure  218. 


Table  31.   Example  allowable  combination  of  pavement  drainage  parameters 
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Figure  217.   Curves  of  zero  water  depth  for  an  intensity  of  0.25  in/h 
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When  drainage  path  lengths  are  extended  by  significant  longitudinal  grade, 
it  may  not  be  practical  to  adhere  to  the  zero  water  depth  criteria.  It  is 
still  practical  through  appropriate  selection  of  cross  slope  and  texture  level 
to  prevent  water  levels  from  exceeding  0.06  in  (1.5  mm).  This  goal  was  ex- 
plained in  Chapter  VII  as  a  somewhat  more  practical  goal  which  would  not 
allow  hydroplaning  to  occur  over  a  significant  length  of  highway  except  where 
extremely  poor  tire  conditions  are  allowed  by  a  driver.  Criteria  can  be  devel- 
oped for  any  specified  "design"  rainfall  from  these  curves  or  from  the  equations 
used  to  derive  them.  The  following  criteria  can  be  stated  for  a  "design"  rain- 
fall intensity  of  0.5  in/h  (13  mm/h). 

1.  Where  longitudinal  grades  do  not  exceed  3  percent  and  drainage 
is  not  over  three  12-foot  lanes  (36  ft  or  11  m), 

a.  Use  values  of  cross  slope  not  less  than  1.5  percent. 

b.  Use  texture  levels  that  will. not  fall  below  about 
0.04  in  (1.0  mm). 

2.  Where  longitudinal  grades  are  between  3  and  6  percent  and  drainage 
is  not  over  three  12-foot  lanes  (36  ft  or  11  m), 

a.  Use  values  of  cross  slope  not  less  than  2  percent. 

b.  Use  texture  levels  that  will  not  fall  below  about 
0.04  in  (1  mm). 

or 

a.  Use  values  of  cross  slope  not  less  than  1.5  percent. 

b.  Use  texture  levels  that  will  not  fall  below  0.06  in 
(1.5  mm) . 
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CHAPTER  IX 

SUMMARY  AND  CONCLUSIONS 

The  research  findings  of  this  study,  relating  to  the  pavement  and  geo- 
metric design  criteria  for  minimizing  hydroplaning  of  highway  vehicles,  are 
summarized  in  this  chapter.  Several  variables  such  as  vehicle  speed,  pavement 
surface  texture,  cross  slope,  water  depth,  tire  inflation  pressure,  tread 
depth,  etc.,  were  thoroughly  investigated  using  full-scale  field  tests.  Trac- 
tion tests  under  controlled  conditions  included  portland  cement  concrete  pave- 
ments of  different  surface  textures  and  open-graded  friction  courses.  The 
torque  effect  of  freestanding  puddles  was  measured  by  continuous  recording  of 
forces  on  the  wheels  of  a  specially  instrumented  full-scale  trailer.  Danger- 
ous levels  of  torque  were  measured  when  freestanding  puddles  engaged  only  one 
side  of  the  vehicle,  thus  presenting  greater  danger  potential  than  puddles 
wide  enough  to  engage  both  sides. 

The  primary  method  of  investigating  these  variables  was  an  instrumented 
two-wheel  trailer.  This  trailer  was  designed  to  measure  braking  force  and 
torque  on  one  trailer  tire  and  on  the  rotational  velocity  of  the  trailer  test 
wheel.  The  freewheeling  drag  force  is  the  hydrodynamic  drag  on  an  unbraked 
trailer  tire  as  it  moves  over  and  through  a  layer  of  water  on  the  road  surface. 
The  locked-wheel  horizontal  force  is  the  drag  force  when  the  wheel  is  fully 
braked.  Spindown  and  spinup  refer  to  variations  in  the  test  wheel  rotational 
speed  compared  to  the  rotational  speed  indicated  by  a  reference  fifth  wheel. 
These  force  and  velocity  characteristics  were  used  as  indicators  of  hydro- 
planing. 

Studies  of  a  variety  of  pavement  types  and  water  conditions  yielded 
fairly  precise  methods  of  predicting  the  occurrence  of  hydroplaning.  In 
general,  automobiles  can  hydroplane  at  speeds  between  40  and  80  mph  (64  and 
129km/h)  depending  on  specific  conditions.  Other  observations  are 

1.  Under  the  stated  test  conditions,  the  freewheeling  drag  force 
is  approximately  constant  at  90  Ibf  (400  N),  and  is  the  same 
as  the  locked-wheel  horizontal  force  above  the  apparent  "full 
hydroplaning"  speed  of  46  mph  (74  km/h).  If  asymmetrically 
distributed,  this  could  cause  unstabilizing  yaw  forces  on  a 
vehicle. 

2.  The  freewheeling  drag  force  is  about  20  lbf  (89  N)  dry  or  with 
internal  water,  about  90  lbf  (400  N)  in  3/8  inch  (9.5  mm)  water 
and  about  90  lbf  (400  N)  either  locked  or  freewheeling  above 
full  hydroplaning  speed. 

3.  Under  all  test  conditions,  the  open-graded  pavement  provided 
as  much,  and  usually  more,  traction  than  the  asphalt  slurry 
seal  except  at  full  hydroplaning  where  they  were  about  equal. 
The  open-graded  surface  has  the  added  advantage  of  reducing 
the  probability  of  positive  water  depths  in  the  field. 

4.  With  the  externally  applied  water,  the  difference  in  traction 
between  the  two  pavements  was  more  dependent  on  test  conditions 
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(water  depth,  tire  pressure  and  tread  depth)  for  the  radial 
tire  than  for  the  ASTM  E501  tire.  That  is,  the  ASTM  tire 
produced  a  more  consistent  "ranking"  of  the  pavements  with 
various  combinations  of  tire  parameters  and  water  depths. 

5.  Loss  of  contact  can  occur  between  40  and  45  mph  (64  and  72  km/h) 
in  "puddles"  of  about  1  inch  (25  mm)  maximum  depth  and  about 
30  feet  (9  m)  in  length.  In  addition,  horizontal  drag  forces 
up  to  300  lbf  (1.3 kN)  were  observed.  Three-eighths  inch 
(9.5  mm)  of  water  can  produce  about  90  lbf  (400  N)  of  drag. 
If  unevenly  distributed  laterally  by  pooling  against  a  curb 
or  raised  shoulder  on  a  cross  slope,  these  forces  could  cause 
hazardous  directional  instability. 

Pavement  surface  water  depth  is  considered  a  most  critical  element  for 
hydroplaning.  As  such,  rainfall  records  of  three  selected  states  (Alabama, 
Illinois  and  Texas)  were  carefully  examined  to  develop  the  methodology  to 
arrive  at  the  design  rainfall  intensity.  Once  the  rainfall  intensity  is 
selected,  water  depth  can  be  computed  for  given  surface  slope,  runoff  length 
and  texture.  Curves  were  also  developed  relating  rainfall  intensity,  cross 
slope,  drainage  path  length  and  texture  depths  so  that  the  conditions  dis- 
allowing surface  accumulation  of  water  could  be  determined.  Curves  of  this 
type  can  be  used  to  formulate  allowable  combinations  of  drainage  parameters. 

For  given  environmental  conditions  and  pavement  geometry,  the  water  depth 
on  the  pavement  surface  becomes  a  function  of  the  drainage  capacity  of  the 
pavement.  Since  open-graded  friction  courses  (0GFC)  offer  the  best  currently 
known  method  of  assuring  adequate  and  controlled  surface  macrotexture  and 
some  internal  drainage  (tests  on  cores  indicated  these  surfaces  are  not  as 
effective  as  originally  hypothesized  with  respect  to  drainage),  additional 
research  was  condticted  under  controlled  conditions.  The  variables  included 
speed,  water  depth,  tire  pressure,  tread  depth  and  tread  design.  Pavements 
having  four  values  of  internal  voids  (in  the  range  of  15-25%)  with  essentially 
the  same  surface  macrotexture  of  about  0.10  inch  (2.5  mm)  and  all  having  the 
same  open-graded  overlay  thickness  of  1.0  inch  (25  mm)  were  tested.  Perfor- 
mance of  these  surfaces  was  thoroughly  examined  in  simulated  rain  with  inten- 
sities in  the  range  of  0.2  to  2.0  in/h  (5  to  51  mm/h).  It  was  found  that 
even  the  most  open  surface  was  flooded  in  the  outside  wheel  path  of  the  out- 
side lane  (of  a  two-lane  facility)  having  1%  cross  slope  at  rainfall  inten- 
sities of  0.2  to  0.4  in/h  (5  to  10  mm/h). 

Specific  conclusions  relating  to  concrete  highway  surfaces  have  been 
drawn. 

1.  Water  depth  as  a  function  of  cross  slope,  texture  depth  and 
rainfall  intensity  can  be  reliably  predicted  for  drainage 
lengths  up  to  48  feet  (14.6  m),  and  probably  considerably 
beyond.  The  direction  of  the  texturing  of  portland  cement 
concrete  pavements  does  not  significantly  influence  the 
resulting  water  depths. 

2.  Potentially  hazardous  positive  water  depths  may  exist  for 
several  minutes  beyond  the  cessation  of  an  appreciable 
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rainfall,  and  a  wetted  surface  exists  for  many  minutes  beyond 
cessation  of  rainfall,  particularly  for  dense  surfaces.  A 
predictive  equation  of  the  time  a  pavement  will  remain  either 
with  positive  water  depth  or  wet  to  any  appreciable  degree 
was  developed. 

3.  Considering  both  skid  number  measurements  and  cornering  slip 
measurements  on  wetted  surfaces,  transverse  textures  yield 
higher  values  than  do  longitudinal  textures.  Cornering  slip 
tests  determine  the  transverse  or  cornering  force  developed 
by  a  tire  when  the  plane  of  the  tire  circumference  makes  an 
angle  with  the  direction  of  movement,  a  slip  angle.  A  cor- 
nering slip  number  (CS)  is  this  lateral  force  divided  by  the 
normal  force  times  one  hundred.  The  logical  recommendation 
would  seem  to  be  to  require  transverse  textures  for  both 
tangent  and  horizontally  curved  sections  of  the  roadway.  It 
should  be  pointed  out,  however,  that  this  research  did  not 
investigate  the  potentially  hazardous  maneuver  of  full  dynamic 
hydroplaning  of  an  automobile  around  a  horizontal  curve.  Here 
the  conditions  are  not  approximated  by  either  skid  numbers  or 
cornering  slip  numbers.  Logic  would  strongly  suggest  that 
vehicle  tracking  could  be  very  influential  in  keeping  the 
vehicle  in  its  respective  lane.  This  tracking  might  best  be 
obtained  by  providing  longitudinal  texturing,  rather  than 
transverse,  throughout  the  horizontal  curves.  Certainly  the 
dramatic  decreases  in  accident  rates  documented  in  California 
(and  elsewhere)  after  longitudinal  grooving  attests  to  the 
validity  of  this  approach.  What  is  not  known  is  whether  or 
not  transverse  grooving  would  have  been  as  good  as,  worse  or 
better  than  longitudinal  grooving  in  terms  of  accident  reduc- 
tion. 

California  DOT  uses  longitudinal  grooves  on  horizontal  curves. 
They  report  90  to  95%  reduction  of  spinout  type  of  accidents. 
California  has  one  installation  of  transverse  grooves  on 
horizontal  curves  and  one  installation  with  "diamond"  grooves. 
Accident  records  on  these  sections  are  not  conclusive  at  this 
time. 

Recently  California  DOT  has  applied  transverse  texturing  to 
plastic  concrete.  Accident  data  on  these  installations  are 
being  collected  but  a  conclusion  at  this  time  is  premature. 

Skid  number  and  cornering  slip  data  clearly  establish  the 
validity  of  requiring  transverse  textures  on  tangent  sections, 
but  on  horizontal  curves  the  data  are  inconclusive. 

4.  Increasing  texture  depth  provides  the  greatest  increase  in 
either  SN  or  CS  values.  Thus  deep  textures  should  probably 
be  constructed  even  though  noise  and  tire  wear  increase. 
From  a  construction  viewpoint,  texture  depths  of  0.06  inch 
(1.5  mm)  can  be  easily  produced  using  tines  spaced  1/4  inch 
(6  mm)  clear  distance.  Initial  texture  depths  of  0.06  inch 
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(1.5  mm)  should  be  required,  and  the  construction  of  texture 
depths  below  0.05  inch  (1.3  mm)  should  be  discouraged. 

5.  The  type  of  tire  and  tread  depth  significantly  influence  CS 
values.  At  elevated  speeds  and  relatively  high  slip  angles 
the  wide  oval  tire  developed  the  lowest  CS  values  while  the 
radial  developed  the  highest.  Shallow  tread  depths  produced 
significantly  lower  CS  values  than  did  deeper  tread  depths. 

Several  conclusions  defining  performance  characteristics  of  open-graded 
friction  courses  (OGFC  )  may  be  listed.  These  characteristics  were  deter- 
mined primarily  through  the  use  of  the  two-wheel  trailer  described  previously, 
Based  on  field  observations  as  well  as  background  information,  brief  summary 
statements  regarding  the  interacting  technical  and  economic  factors  can  be 
stated. 

1.  Current  OGFC  mixture  design  procedures  recommended  by  the 
Federal  Highway  Administration  are  entirely  satisfactory. 
The  inclusion  of  fine  material  in  sufficient  amounts  that 
result  in  about  3%  filler  in  the  final  mixture  is  a  highly 
beneficial  construction  aid  that  permits  a  wider  range  in 
placement  temperature. 

2.  For  prolonged  internal  drainage,  minimum  compacted  mat 
thickness  should  be  about  1  inch  (25.4  mm).  This  assumes 
high  quality  aggregates  properly  graded  and  correctly  placed. 

3.  Open-graded  mixtures  offer  one  of  the  best  known  methods  of 
controlling  macrotexture.  Large  top  size  aggregate  may  be 
used  without  creating  unacceptable  noise  levels,  since  the 
asperity  peaks  lie  in  essentially  one  plane  and  there  are 
few  percussion  cups  in  the  face  of  the  surface  mat. 

4.  As  indicated  by  the  hard  data  presented,  OGFC  will  deliver 
relatively  high  levels  of  friction  at  legal,  rural  speed 
limits  for  the  following  conditions:  (a)  water  depths  up 
to  0.1  inch  (2.5  mm),  (b)  tread  depths  equal  to  or  above 
0.2  inch  (5  mm)  and  (c)  tire  inflation  pressure  at  approxi- 
mately 20  psi  (138  kPa)  or  above. 

5.  Splash  and  spray  are  materially  reduced  in  rainfalls  ranging 
from  about  0.2  to  0.5  in/h  (5   to  13  mm/h).  At  lesser  rain- 
fall rates  correctly  designed  and  constructed, OGFC  may  be 
expected  to  present  essentially  completely  drained  surfaces 
with  the  associated  performance  characteristics.  Sustained 
rainfall  in  excess  of  about  0.3  in/h  (7.6  mm/h)  was  found  to 
cause  flooding  of  acceptable  OGFC  where  the  flow  path  exceeded 
about  12  feet  (3.7  m);  however,  no  serious  problems  were 
encountered  in  flow  lengths  up  to  24  feet  (7.3  m). 

6.  Sealing  the  outside  edge  of  a  24-foot  (7.3  m)  pavement  caused 
no  significant  problem  with  the  skid  performance  of  the  sur- 
face investigated;  however,  long-time  storage  of  water  in  the 
mat  could  cause  substrate  instability  problems.  Infiltrates 
may  also  collect  with  time. 
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7.  Tires  with  minimum  tread  depth,  especially  the  wide  oval  type, 
performed  poorly  at  55  mph  (88  km/h)  on  those  surfaces  with 
water  depths  in  excess  of  about  0.08  inch  (2  mm),  irrespective 
of  macrotexture  and  internal  drainage. 

8.  Although  initial  costs,  maintenance  costs  and  vehicle 
operating  costs  were  not  investigated  in  this  study,  these 
are  factors  that  warrant  consideration  in  a  systematic  fric- 
tion improvement  program. 

Investigation  of  hydroplaning  conditions  of  portland  cement  concrete 
pavement  was  conducted  in  two  parts.  The  first  part  was  to  determine  the 
validity  of  predicted  water  depth  for  drainage  lengths  to  48  ft  (15  m)  and 
the  other  was  to  examine  skid  resistance  and  cornering  slip  on  textured  sur- 
faces. An  equation  was  developed  to  determine  the  water  depth  from  various 
parameters.  It  was  also  shown  neither  texture  direction  (longitudinal  or 
transverse)  nor  texture  type  (brush,  broom,  burlap  or  tines)  affected  the 
resulting  water  depth  to  any  significant  degree.  The  water  depths  referred 
to  are  with  respect  to  the  tops  of  the  pavement  asperities.  Thus  a  zero  water 
depth  would  be  just  enough  water  to  fill  the  texture  but  not  reach  a  level 
above  the  top  of  the  texture. 

Some  specific  conclusions  resulting  from  this  work  are 

1.  Water  buildup  on  pavements  up  to  36  feet  (11  m)  wide  will  not 
be  sufficient  to  induce  hydroplaning  for  cross  slopes  of  2% 
or  greater  and  rainfall  intensities  below  0.5  in/h  (13  mm/h) 
for  the  assumed  critical  water  depth  of  0.06  inch  (1.52  mm) 
or  less. 

2.  Using  the  desirable  design  value  of  water  depth  of  0.0  inch 

(0  mm)  results  in  critical  drainage  path  lengths  for  all  pave- 
ment widths  when  the  pavement  texture  depth  is  less  than  0.03 
inch  (0.8  mm).  For  texture  depth  of  0.04  inch  (1.0  mm)  or 
greater,  no  hydroplaning  problem  would  be  expected  for  two- 
lane  pavements.  Multilane  pavements  would  have  a  tendency 
to  flood  at  normally  expected  rainfall  intensities. 

3.  The  cross  slope  is  more  critical  than  texture  depth  when  the 
critical  water  depth  assumption  is  0.06  inch  (1.52  mm).  With 
the  0.0  inch  (0  mm)  critical  water  depth  assumption,  texture 
depth  is  equally  important  in  determining  the  critical  length 
of  the  drainage  path.  A  texture  depth  of  0.04  inch  (1.0  mm) 
is  recommended. 

4.  A  minimum  pavement  cross  slope  of  1.5  %  is  admissible;  how- 
ever, 2%   is  recommended  for  most  pavements. 

5.  The  desirable  design  assumption  suggests  the  combination  of 
an  open-graded  surface  course  (or  high  texture  surface)  and 
an  adequate  pavement  cross  slope. 
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Sag-vertical  curves  offer  areas  of  special  consideration  in  any  accident 
reduction  program.  Innovative  concepts  for  improving  wet-weather  performance 
of  sag-vertical  curves  are  presented  in  the  report  which  include  special  sur- 
face drainage  devices  to  intercept  and  divert  surface  flow  and  open-graded 
friction  courses  to  act  as  sub-surface  drainage  devices.  Tentative  sag- 
vertical  curve  drainage  criteria  based  on  a  survey  of  existing  practices  are 
given  in  Table  12,  and  the  recommendations  for  minimizing  hydroplaning  at 
sag-vertical  curves  are  indicated  in  Tables  15  through  17. 

Major  findings  relative  to  sag-vertical  curves  may  be  summarized  as 
follows: 

1.  Of  the  innovative  surface  drainage  systems  considered,  those 
featuring  a  permeable  surface  course  or  a  high  macrotexture 
surface  course  have  the  highest  potential  for  reducing  hydro- 
planing accidents. 

2.  Based  on  the  observed  flow  rates  through  the  open-graded  mix- 
ture, the  thickness  required  to  accommodate  drainage  through 
the  pavement  for  high  intensity  rainfalls  is  too  great  to  be 
economically  feasible. 

3.  Pavement  cross  slope  is  a  dominant  factor  in  removing  water 
from  the  pavement  surface.  A  minimum  cross  slope  of  2%   is 
recommended. 

4.  The  most  likely  innovative  surface  drainage  systems  are  those 
which  involve  using  open-graded  surface  courses  without  a 
subdrain  system. 

5.  Surface  drains  located  parallel  to  the  lane  lines  will  probably 
not  solve  the  drainage  problem  due  to  the  wheel  path  depressions. 

6.  Transverse  surface  drains  located  on  the  pavement  surface  would 
probably  result  in  a  rough  pavement,  increase  maintenance  costs, 
and  increase  potential  for  ponding  water.  For  these  reasons, 
such  systems  are  not  recommended  for  general  use. 

When  drainage  path  lengths  are  extended  by  significant  longitudinal  grade 
it  may  not  be  practical  to  adhere  to  the  zero  water  depth  criteria.  It  is 
still  practical  through  appropriate  selection  of  cross  slope  and  texture  level 
to  prevent  water  levels  from  exceeding  0.06  inch  (1.5  mm).  This  goal  was  ex- 
plained in  Chapter  VII  as  a  somewhat  more  practical  goal  which  would  not  allow 
hydroplaning  to  occur  over  a  significant  length  of  highway  except  where  ex- 
tremely poor  tire  conditions  are  allowed  by  a  driver.  Criteria  can  be  devel- 
oped for  any  specified  "design"  rainfall  from  these  curves  or  from  the  equations 
used  to  derive  them.  The  following  criteria  can  be  stated  for  a  "design" 
rainfall  intensity  of  0.5  in/h  (13  mm/h). 

1.  Where  longitudinal  grades  do  not  exceed  3%   and  drainage  is  not 
over  three  12-foot  lanes  (36  ft  or  11  m), 

a.  Use  values  of  cross  slope  not  less  than  1.5%. 
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b.  Use  texture  levels  that  will  not  fall  below  about 
0.04  inch  (1.0  mm). 

2.  Where  longitudinal  grades  are  between  3  and  6%  and  drain- 
age is  not  over  three  12-foot  lanes  (36  ft  or  11  m), 

a.  Use  values  of  cross  slope  not  less  than  2%. 

b.  Use  texture  levels  that  will  not  fall  below  about 
0.04  inch  (1.0  mm). 

or 

a.  Use  values  of  cross  slope  not  less  than  1.5%. 

b.  Use  texture  levels  that  will  not  fall  below  0.06  inch 
(1 .5  mm). 

Through  use  of  the  equations,  curves  and  examples  given  in  this  report, 
a  state  or  agency  should  be  capable  of  formulating  an  antihydroplaning  road 
surface  design  policy,  a  policy  as  conservative  or  as  liberal  as  the  particular 
entity  prefers.  Even  without  specific  design  policies  related  directly  to 
hydroplaning,  states  appear  to  be  making  significant  progress  in  achieving 
this  goal.  The  precepts  presented  here  do  not  require  impractical  goals,  al- 
though these  goals  obviously  cannot  be  achieved  in  a  short  period  of  time  due 
to  the  vast  area  of  highway  surfaces  in  this  country.  However,  by  establishing 
specific  design  goals  and  working  toward  them  continuously,  the  time  will  come 
when  surfaces  that  allow  hydroplaning,  except  in  extreme  rainfall  or  in  the 
case  of  extremely  substandard  tire  use,  will  no  longer  exist. 

The  implementation  of  these  recommendations  will  require  judgment  and 
dedication  in  the  execution  of  master  maintenance  and  reconstruction  plans 
over  a  period  of  years.  The  work  presented  in  this  study  has  been  devoted  to 
the  future  realization  of  this  goal. 
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APPENDIX  B 
MEASUREMENT  OF  TEXTURE  DEPTH  BY  THE  SILICONE  PUTTY  METHOD 

Scope 

This  method  describes  a  procedure  for  determining  the  average  macro- 
texture  depth  of  a  selected  portion  of  a  highway  pavement  surface. 

Significance 

The  friction  between  a  tire  and  the  highway  surface  required  for  various 
vehicle  maneuvers  on  a  wet  pavement,  particularly  in  braking,  depends  in  part 
on  the  thickness  of  the  water  film  between  the  contact  surfaces.  This  thick- 
ness, in  turn,  is  controlled  by  the  water  drainage  characteristics  of  the 
pavement  as  well  as  tire  tread  design  and  condition.  Pavement  drainage  is 
influenced  strongly  by  its  surface  macrotexture,  one  measure  of  which  is  the 
so-called  texture  depth.  Additionally,  an  important  contribution  to  friction 
at  the  tire-pavement  interface  is  the  hysteresis  energy  losses  which  occur  as 
a  result  of  cyclic  deformation  of  the  tread  rubber;  these  are  also  influenced 
by  texture  depth. 

Summary  of  Method 

A  known  volume  of  silicone  putty  is  formed  into  an  approximate  sphere 
and  placed  on  the  pavement  surface.  A  6-inch  (15.2-cm)  plate  with  a  4-inch 
(10.2-cm)  diameter  by  1/1 6-inch  (0.16-cm)  deep  recess  is  centered  over  the 
putty  and  pressed  down  firmly  against  the  pavement  surface.  The  average 
diameter  of  the  flattened  putty  is  recorded.  The  volume  of  putty  is  selected 
so  that  on  a  smooth,  flat  surface  with  no  texture  the  silicone  putty  will 
completely  fill  the  4-inch  (10.2-cm)  diameter  recess.  A  decrease  in  diameter 
of  the  deformed  putty  is  related  to  an  increase  in  texture  depth  thus  giving 
a  rapid  and  simple  index  of  pavement  macrotexture. 

The  texture  depth  determined  by  this  method  is  a  number  representing  the 
ratio  of  the  volume  of  the  putty  used  to  the  resultant  measured  circular  area 
covered.  Accordingly,  it  is  only  an  indirect  measure  of  pavement  macrotexture 
wavelength  and  amplitude,  and  gives  no  information  on  shape,  distribution  or 
other  factors  which  may  influence  pavement  surface  drainage  or  hysteresis 
losses.  Additionally,  it  is  assumed  that  the  putty  completely  fills  all  voids 
under  the  measured  circular  area. 

Apparatus 

The  apparatus  required  for  calibration  and  texture  depth  measurement 
consists  of  the  following: 
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1.  A  circular  plate  6  inches  (15.2  cm)  in  diameter  by  1  inch 
(2.5  cm)  thick  machined  from  flat  acrylic  plastic  sheet* 
with  a  centrally  machined,  4- inch  (10.2  cm)  diameter  by 
1/16-inch  (0.16  cm)  deep  recess  on  one  side. 

2.  50-pound  (22.7  kg)  weight  with  convenient  handle.** 

3.  Steel-wire  bristle  brush. 

4.  Stiff-bristle  general -utility  scrubbing  brush. 

5.  250-ml  polyethylene  "squeeze"  washing  or  dispensing  bottle 
fitted  with  a  delivery  tip  drawn  to  give  a  fine,  directed 
stream  of  dewetting  agent. 

6.  Synthetically  produced,  wear-resistant  cellulose,  poly- 
urethane,  or  other  type  of  polymer  foam  sponge  suitable  for 
quick  removal  of  excess  dewetting  agent  from  the  pavement 
surface. 

7.  An  engineer's  scale  capable  of  measuring  putty  diameter  to 
0.01  inch  (0.025  cm). 

8.  A  metal  pry  bar  (for  separation  of  the  circular  plate  from 
the  pavement  at  the  end  of  test). 

9.  3-ounce(88.7  cm3)  seamless  tin  plate  containers  with  fitted 
lid  (such  as  used  in  ASTM  D  6). 

10.  Flat  plateglass  plate  for  use  as  a  reference  check  surface, 
approximately  8  inch  by  8  inch  by  1/2  inch  (20.3  cm  by  20.3 
cm  by  1.3  cm). 


Materials 


The  following  materials  are  required  to  conduct  this  test: 


*Plastic  sheets,  usually  known  as  "plexiglas",  manufactured  by  the 
Rohm  &  Haas  Co.,  Philadelphia,  Pa.,  or  "Lucite",  manufactured  by  E.  I. 
DuPont  de  Nemours  Co.,  Wilmington,  Delaware,  have  been  used  satisfactorily. 

**Such  weights  made  by  Fairbanks-Morse  have  been  found  to  be  satisfactory 
for  this  purpose. 
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1.  A  filled  high-viscosity  polysiloxane  polymer,  known  as  silicone 
putty*.  Approximately  16  grams  of  this  material  will  be  required 
to  completely  fill  the  recess  in  the  test  plate  on  a  flat  smooth 
surface.  It  is  usually  possible  to  completely  remove  the  putty 
from  most  pavement  surfaces  after  a  test  is  completed,  and  reuse 
this  material  in  subsequent  tests.  However,  it  has  proven  to  be 
advantageous  to  provide  a  number  of  pre-weighed  putty  specimens 

at  the  test  site,  transported  in  the  covered  3-ounce  (88.7  cm3) 
containers  described  in  9  above. 

2.  Dilute  solution  of  dioctyl  sodium  sulfosuccinate  for  use  as  a 
wetting  and  parting  agent  between  the  pavement  surface  and 
silicone  putty  test  specimen.  This  solution  can  be  made  by 
mixing  5  ml  of  75  percent  aqueous  Aerosol  OT  solution**  with 
5  gallons  (19  litres)  of  distilled  water. 

Sampling 

It  is  well  known  that  in  a  given  nominally  uniform  section  of  high- 
way pavement,  surface  macrotexture  may  vary  significantly  from  spot  to 
spot.  On  the  other  hand,  the  area  covered  by  the  putty  in  this  test  is  only 
a  small  fraction  of  the  total  pavement  surface  to  be  evaluated.  Accordingly, 
appropriate  selection  of  test  locations  will  be  a  significant  factor  in 
achieving  the  objective  of  this  test  procedure.  In  a  given  section  of  pave- 
ment, putty  depth  measurement  shall  be  made  on  at  least  10  different  locations, 
These  may  be  selected  as  follows: 

1.  Random  sampling  procedure  (preferred  method).  On  a  diagram  of 
the  pavement  surface  section  to  be  measured,  place  a  rectangular 
grid  producing  at  least  1000  square  cells,  each  designating  a 
location  on  the  pavement  surface,  and  number  these  cells  serially 
by  any  systematic  method.  Select  10  of  these  numbers  from  a  table 
of  random  digits,  and  make  tests  at  the  center  of  the  cell  numbers 
so  indicated. 

2.  Selective  sampling  (for  preliminary  or  quick  evaluation  tests  only). 
Visually  inspect  the  pavement  section  to  be  evaluated,  and  select, 
on  the  basis  of  such  observation,  10  locations  which  appear  to  be 
most  representative  of  the  texture  of  the  entire  section. 


*A  material  marketed  as  "Silly  Putty",  available  from  Arnold  Clark, 
Inc.,  Box  741,  New  Haven,  Conn.,  has  been  found  suitable  for  this  purpose. 

**Avai  Table  from  many  general  laboratory  supply  houses. 
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Procedure 

At  the  locations  selected  for  texture  depth  measurements,  proceed  as 
follows: 

1.  Remove  all  loose  stones,  other  debris  and  contaminants  by 
vigorous  application  of  the  steel  wire  brush. 

2.  Remove  remaining  sand  and  dust  from  the  surface  by  careful 
dry  brushing  with  the  scrubbing  brush. 

3.  Wet  a  section  at  least  as  large  as  the  test  plate  with  a 
spray  of  dilute  Aerosol  OT  solution  from  a  squeeze  bottle. 

4.  Remove  excess  Aerosol  OT  solution  by  dipping  and  wiping  the 
surface  with  the  sponge. 

5.  Form  silicone  putty  into  an  approximate  sphere  and  place  on 
the  pavement  surface. 

6.  Center  the  recess  of  the  test  plate  over  the  putty  and  press 
the  plate  down  in  firm  contact  with  the  road  surface.  Use  of 
the  50-pound  (22.7  kg)  weight  to  exert  pressure  for  approxi- 
mately 1  minute  will  usually  suffice  to  bring  the  edges  of  the 
test  plate  into  contact  with  the  pavement  surfact.  Time 
intervals  over  5  minutes  should  be  avoided. 

7.  Make  four  diameter  measurements  with  an  angular  spacing  of  45°, 
with  an  engineer's  scale  to  the  nearest  0.01  inch  (0.25  mm). 
The  average  of  these  readings  is  taken  as  the  diameter  of  the 
flattened  putty. 

8.  Remove  the  test  plate  from  the  pavement  surface,  using  a  pry 
bar  if  necessary.  At  the  same  time  the  putty  also  should  be 
removed  from  the  surface.   In  most  instances,  complete  removal 
of  the  putty  can  be  achieved  by  lightly  pressing  the  putty  ball 
against  the  few  fragments  which  are  clinging  to  the  surface. 

In  the  few  cases  where  more  than  a  few  hundredths  of  a  gram  of 
putty  cannot  be  removed,  it  will  be  necessary  to  use  a  fresh 
putty  specimen  of  the  correct  weight. 

Calibration 

Before  the  apparatus  is  used  for  field  measurements,  the  standard 
procedure  shall  be  followed  in  the  laboratory,  using  the  flat  plateglass 
surface  as  a  standard.  If  the  putty  has  been  weighed  out  correctly,  it 
should  completely  fill  the  test  plate  recess,  i.e.,  the  putty  shall  have 
a  diameter  of  4  inches  (10.2  cm). 

Calculation  of  Texture  Depth  or  Volume  of  Texture  per  Unit  Area 

Texture  depth  is  calculated  from  the  putty  diameter  by  the  following 
equation: 
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T  = 


-  0.0625  [=] 


in 


in 


where: 
T. 


or 


D  = 


T  = 


texture  depth,  inches 

average  putty  circle  diameter,  inches 


2.54 


0.15875 


where: 
t. 


texture  depth,  cm 


D  =  average  putty  circle  diameter,  cm 


it  U.S.  GOVERNMENT  PRINTING  OFFICE- 


O—    620-871/805     REGION     3-1 


X) 

3 

a  qj 

M 

•  CD 

< 

D 

W 

CD 

M 

h-> 

■  3 

3  O 

CD 

hJ. 

3 

D 

N 

d- 

M. 

O 

D 

^ 

0) 

O 

H« 

D 

rl- 

a 

D- 

CD 

-< 

^O 

a 

M. 

CD 

-t 

OJ 

O 

o 

3 

T> 

H 

CD 

I— ■ 

0 

rfc 

-si 

I 


H 

m 

a 
a 


> 

Co 

o 


FEDERALLY  COORDINATED   PROGRAM  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT   (TCP) 


The  Offices  of  Research  and  Development  of  the 
Federal  Highway  Administration  are  responsible 
for  a  broad  program  of  research  with  resources 
including  its  own  staff,  contract  programs,  and  a 
Federal-Aid  program  which  is  conducted  by  or 
through  the  State  highway  departments  and  which 
also  finances  the  National  Cooperative  Highway 
Research  Program  managed  by  the  Transportation 
Research  Board.  The  Federally  Coordinated  Pro- 
gram of  Highway  Research  and  Development 
(FCP)  is  a  carefully  selected  group  of  projects 
aimed  at  urgent,  national  problems,  which  concen- 
trates these  resources  on  these  problems  to  obtain 
timely  solutions.  Virtually  all  of  the  available 
funds  and  staff  resources  are  a  part  of  the  FCP, 
together  with  as  much  of  the  Federal-aid  research 
funds  of  the  States  and  the  IVCHRP  resources  as 
the  States  agree  to  devote  to  these  projects.* 


FCP  Category  Descriptions 

1.  Improved    Highway   Design   and   Opera- 
tion for  Safety 

Safety  R&D  addresses  problems  connected  with 
the  responsibilities  of  the  Federal  Highway 
Administration  under  the  Highway  Safety  Act 
and  includes  investigation  of  appropriate  design 
standards,  roadside  hardware,  signing,  and 
physical  and  scientific  data  for  the  formulation 
of  improved  safety  regulations. 

2.  Reduction    of    Traffic    Congestion    and 
Improved  Operational  Efficiency 

Traffic  R&D  is  concerned  with  increasing  the 
operational  efficiency  of  existing  highways  by 
advancing  technology,  by  improving  designs  for 
existing  as  well  as  new  facilities,  and  by  keep- 
ing the  demand-capacity  relationship  in  better 
balance  through  traffic  management  techniques 
such  as  bus  and  carpool  preferential  treatment, 
motorist  information,  and  rerouting  of  traffic. 


*  The  complete  7-volume  official  statement  of  the  FCP  is 
available  from  the  National  Technical  Information  Service 
(XTIS),  Springfield,  Virginia  22161  (Order  No.  PB  242057. 
price  $45  postpaid).  Single  copies  of  the  introductory 
volume  are  obtainable  without  charge  from  Program 
Analysis  (HRD-2),  Offices  of  Research  and  Development, 
Federal    Highway    Administration,    Washington,   D.C.    20590. 


3.  Environmental  Considerations  in  High- 
way Design,  Location,  Construction,  and 
Operation 

Environmental  R&D  is  directed  toward  identify- 
ing and  evaluating  highway  elements  which 
affect  the  quality*  of  the  human  environment. 
The  ultimate  goals  are  reduction  of  adverse  high- 
way and  traffic  impacts,  and  protection  and 
enhancement  of  the  environment. 

4.  Improved  Materials  Utilization  and  Dura- 
bility 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  of  materials  properties  and  technology 
to  fully  utilize  available  naturally  occurring 
materials,  to  develop  extender  or  substitute  ma- 
terials for  materials  in  short  supply,  and  to 
devise  procedures  for  converting  industrial  and 
other  wastes  into  useful  highway  products. 
These  activities  are  all  directed  toward  the  com- 
mon goals  of  lowering  the  cost  of  highway 
construction  and  extending  the  period  of  main- 
tenance-free operation. 

5.  Improved  Design  to  Reduce  Costs,  Extend 
Life  Expectancy,  and  Insure  Structural 
Safety 

Structural  R&D  is  concerned  with  furthering  the 
latest  technological  advances  in  structural  de- 
signs, fabrication  processes,  and  construction 
techniques,  to  provide  safe,  efficient  highways 
at  reasonable  cost. 

6.  Prototype  Development  and  Implementa- 
tion of  Research 

This  category  is  concerned  with  developing  and 
transferring  research  and  technology  into  prac- 
tice, or,  as  it  has  been  commonly  identified, 
"technology  transfer." 

7.  Improved  Technology  for  Highway  Main- 
tenance 

Maintenance  R&D  objectives  include  the  develop- 
ment and  application  of  new  technology  to  im- 
prove management,  to  augment  the  utilization 
of  resources,  and  to  increase  operational  efficiency 
and  safety  in  the  maintenance  of  highway 
facilities. 
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